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PREFACE 



The rapid progress made in the past decade, and still taking 
s, in the application of pure science to industrial pui'poses, 
particularly electrical engineering, may be some excuse for pre- 
senting the present work to the technical world. In it a 
considerable departure has been made from other works of 
similar nature published up to the present. This will bt^ 
ttvident by the inclusion of fundamental matter which, although 
elementary in nature, is important, and should be known by an 
electriciil engineer; also from the order in which the subjects 
have been dealt with, and in which they may most profitably be 
read. Further, every endeavour has been made to produce a 
work which, while being fully up to date, excludes all historical 
matter and obsolete appliances, except iu a very few cases where 
they embody important principles. Numerous references to 
current periodioftl technical literature have been made throughout 
the work, and all questions set for the Technological Examina- 
MODS of the City and Guilds of London Institute, in the 
^liiuinary, Ordinary, and Honours Grades of Electro-Technology 
Ui date, are given at the end of the various chapters to tlie 

tt-niatter of which they particularly relate. 
The theory of the generation, transformation, and distribu- 
ttoo of continuous and alternating currents, together with 
electrical mtichinery and other appliances most commonly met 
in electrical engineering, will, at a later date, form an 
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addition to the present work, or will constitute the subject- 
matter of a second volume. 

In conclusion, I wish to express my sincere thanks to the 
many manufacturing firms whose names appear in the text as 
makers of the various appliances, for the loan of blocks, and in 
some few instances for information relative to their manufactures. 

I should also much appreciate any suggestions which would 
add to the educational value and usefulness of the work, and 
would be glad to receive intimation of any errors which may 
have escaped my notice in the proofs. 



G. D. ASPINALL PARR. 



The Univeksity, 
Leeds, February 1906. 



CONTENTS 

CHAPTER 1 
MAON)>n'i8M (Fundamental Principlbs) . . . . i 



HAOK 



CHAPTER n 
ErBCTKicrrr (Statical) — Fundamental Phenomena 20 

CHAPTER in 
Electricity (Current.) — Fundamental Principles and Unitb 33 

CHAPTER IV 
Electrical Reaistance . (jft 

CHAPTER V 
Electro-Maonbtism .122 

CHAPTER VJ 
Elfxtro-Static and ElkxthoMaonktic Induction . 1«7 

CHAPTER Vn 

Electrical am> MvoNErrr Ixrthuments .... 204 

vii 



ELECTRICAL ENGINEERING 



CHAPTER VIII 

PAGE 

Electric Incandescknt Lamps ..... 295 



CHAPTER IX 

Electric Arc LAMPb ...... 345 



CHAPTER X 

The Production of Electro-Motive Force (Thermo-Generatorh 

— Primary Cells — Secondary Cells) 386 



INDEX .441 



\ 



\ 



CHAPTER I 



Introduction. — In reviewing the progress of ctrtuin industries, it isi 
impo&sibit? not to be struck with the almost phenomoiialU* rapid 
development of that of electriciil engineerinjLj^, For the most put this 
ia doe to the somewhat riipi<l strides made in scientific discovery or 
rwGnrch, particuUrly during the last twenty years, and which has 
resulted in new phenomena iind ideas. 

The electricftl engineering iudiisiry is the outcome of the practical 
dication of pure science in conjunction with mechanical engineering 
rinciple». 

Innumerable instances of the rapid dovelopmettt of the industry 
may Imj seen in the various branches, nnmely, electric lightings electric 
traction, electro-plating and the se]>ariition nf the nietuls fr(ini their 
ores, also in t-eb'phony, onlinary telegraphy, and wireless telegrapliy, 
the lust-named being perhaps the most astonishing discovery of modern 
tirnc^. 

It is principally with the first three branchesi mentioned above 
that we shall have to de;d in the fuHowing jwtges, by considering the 
ftuulaniental principles un<lorlyiiig the action an well iis the construc- 
tion of electrical apparatus and appliances in everyday iise. 

Tht; author must be pardoin*d, in his desire for making this work 

thoroughly up-to-date as j^wtisible, for omitting to consider many 
iutert!8ting appUances which have now ffdlen practically into disuse and 
belong inon? properly to the historical .side of the snliject.^ In excuse 
for fO doing it will doubtless be sufiicient to say that in a subject like 
•lectrical engineering, which is growing to such enormous prn|K)rtion;^, 
1(19 tmpoMiblc to do justice to a work of this iialnro with the limited 
•pCMe at one's disposal without omitting historical facts and confinbig 
ourstrlvcs solely to the subject as it is at the present time. 

With these few introductory remarks we now pass on to the pre- 
Umina^ry eunsiderntions of our subject. 
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Permanent Magnets. — These are employed in such a variety of 
difibrent fuims, and play so importiiot a part in the coustruclion 
and working of many imporL^mt and widely used upplianccs at tht* 
present time, that it is desirable to consider the general itroperties 
and |>rincipal fomis of permanent magtiets, together with their relative 
advantaj^'es and disa<lvaritagc.s. 

The permanent magDot of to-day originates from the discovery* 
made many centuries ago, of tiatund ptrmnntut mafjtiftSy suhsei|nently 
termed lodfsioii^.s, which are exceedingly rare and are found in small 
<lUHntitie8 in cerUin parts of the earth in the form of ore, termed hy 
mineralogists mmjnetite^ and liaving the chemical composition FejO^ 
{i A\ iron and oxygen in oertjiin proportions). 

Definition and Properties of a Magnet, — The tjnestion, however, 
may well be asked, Uluti k a maijnei 1 But to this no direct answer can 
be ^iven other than that "a magnet is a raiiterial .substaofre endowwl 
with magnetism," while magnetism may iti turn be delined as a 
phenomena which can only be jndged by its effects and the properties 
ex^hibited by it 

A substance is said to i>o8sess magnetism, to be tnagnetic, or, 
briefly, to bo a magnet, when it exhibits the following pi ojierties : — 

1. Of attracting small pieces of iron, steel, etc. 

2. Of attracting or lepelling another so-called magnet. 

3. Of pointing north and south when frcel}' suspended by a 
thread. 

4. Of magnetising other pieces of stfcl to form magnets. 

The permanent magnets met vvdth so commonly in practical work 
are, of course, artificially produced in a maimer that will be described 
later on. Suffice it to say here that if a jiieee of iron or, better stilb 
hard steel be rubbed or stroked with a magnet> it becomes magnetised, 
acquiring the same properties as the original magnet, or, in other 
words, those mentioned above. 

Characteristics of a Magnet. — Let us now consider the action of 
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flat, rectangular biir m:ignefc NS (Fig, 1 } on a piece of soft iron 
5 placed at ilifferciu points along its length. If suitable means 
arc employed to detect it, we shall notice that the force with whic-h 
ibe ^ft iron is attracted to the magnet varies at ditterent points. For 
lastAnce, starting at the 
end N, the attmction f^^^'W 
18 neiirly a maximum, ; ' \ 
though not quite, at the 
extreme entl, and can Im^ 
repFfsented in rao«:«itude 
by the heii^ht of the or- 
dinate NA. As we pro- 
ceeil t«nriirds the end S 
the attraction first in- 
tTc4«es to a maximum at 
wme jKiint R, aiid then 
decreases continuously to 
the centre O, at which it is zero. It then increases again continuously 
to a maximum at some point C, and finally decreases slightly to a 
v^ue SD at the extreme end S, The ordiutites between O and S are 
dmwti Mt/wtliG ruagTict fur reasons to be stated presently, but in :dl 
cases they represent the force of attraction at the different points 
along NS. 

On joining the tops of all these ordinates the curve ABOCD of 
iluiributifm of maynetisra in the bar magnet is obtained. From this it 
will be seen titat the muximum magnetic effecr, or greatest amcKuit of 

tnAgnetisnt which is represented by the forco of attraction, occurs at 
i« ends of such a niagtjet, which are commonly called its pUt^. The 
line joining these poles thiough O is termed the mtKjvftic ark of the 
magnft, and the lino EOE the MutraUixin, -zone^ or equaio) of it. 

The poles of a magnet, however, are not coincident with ifs 

riue ends, and may )>e assumed to l>o the points at whirli all 
till} magnetism of the respective ends is concentrated. This is 
analogous to centre of gravity, which is assumed to l^e the point at 
which the whole weight of a body acts. 

If K and H are the centres of gravity of the areas NABON and 
SIK'OS rcHpectivoly, then P, P, the [trojrctions of these points* on to 
lb«t magnetic axis, are the poles of the magnet. 

Heuee the actual length of a magnet is a little greater thait the 
distance between its poles. 

Polarity.— Now when a magnet is freely 8iisi>ended, by a thread 
for itistance, so as to be capable of oscillating in a horizontal plane, 
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it will come to rt'st with h^ mjigiietic axis lying nearly parallel to iKl* 
line joining the Dorth and south geographical poles of the earth. 
Further, the same end will always point in the same direction. For 
this reason the end which points towards the north ^eojjraphica! \w\e 
of the cartii is terine<i the norfh^mMmj pule of the msignet, and the 
other end, whicli jKiints south, the souih-seeking pde of the magnet. 

These are briefly alluded to as the north and sinifh ftoles of the 
niai:;riet, and gives rise to the ex|iression pohtritr/ <>/ u mafjud. 

Mutual Action of Magnets. — By bringing a second magnet A near 
to the suspended one just mentioned, which we may call B, it will be 
observed tliat the north-seeking poles of A and B r/y/f/ one another, as 
al!3o do the south i>oles, but that the north pole of one attracts the 
south pole of the other. We therefore have the following important 
rules : — 

1. Lile or simihr matjndk ^wles rejjel fuc a/tot lin\ 

2. UvlUcc or (fissiftiihr nwifnelic polc.^ attrud tmc unothtr. 
From the foregoing lemarks there appears to be two opposite kinds 

of magnetism —north and south, resident at and near the poles of any 
magnet. Moreover, it is impossible to have only one kinfl y>re.serit, i.e. 
a magnet with only one pole ; for if a magnet is bioken intu two parts, ^j 
each part will still have two poles of opposite kinds. ^H 

Tho Earth a Mag-net.- The action of a freely suspended magnet ^^ 
in netting itself north and south, c<tupled with the fact that it does so 
at various parts of the oarth'^a surface, clearly indicates that the earth 
must possess a distuict magnetic north and south pole : in other words, 
that the earth is a huge luiignet. It has, however, been proved by 
experiment that the north magrvetie and geographical poles do not 
coincide, j is also the south poles, being some 1000 miles or so apart. 
From what w;w said aliove with legard to the mutual jietion of two 
magnets, it follows that the noith-seeking pole of our susp<^nde<l 
magnet is actually the south }>ole, since it is attmetwl towards ihc 
north magnetic pole nf the e^irth, anfl simibirly for the south ; but to 
avoid confusion we \vill retain the terms "north-seeking'' and ''south- 
seeking" to denote the poles of a magnet marked with an N and S 
at its ends. 

Magnetic Substances. — It is important to note the tlif^'erence 
l>etween jHTnianejil magnets and mftgnetisable substances. The latter 
include all kinds of iron and Mfrl^ uuktf, iolndt^ nniuijinu'st', chramium, 
ctrium^ snlfs of ir(/w, and a few other substances. Of the«c, only nickel 
and cobalt arc at all compirable with iron and steel, whieh are the 
best ami most easily magrtetisable of all. 

All these sitbstances retain soiiw magnetism after being magnetised, 



most wises extremely little. Han] steel is the only one that 
ivtaius the gicater |«trL of tlia magnetism impitrtetj to it, giving rise 
lO the term jjermanunt magnet. Soft ?fon retains very little magnetism, 
Lf, it is only capable of /urting aa a tempt/mnf magnet while under the 
influence of a i^eriuanent one, but it is, at the same time, a highly 
magnelisable substjince. 

Lines of Magnetic Force. — If a flat, stiff sheet of cardboard is 
laid horizi'tntJilly over a magnet and soft iron filings sifted fuirly 
uniformly over it, then on gently tapping the caixllioard a few times 
the filings will l>e found to anange themselves (in the case of a simple 
h*r magnet NS) in a system of curves representwl approximately in 
F^g, 2. The position of the^e curves shows the direction along 










fto, 3.— l-lri#M( of |fi|^«*ti<! Foreo tiae to a Bar Mi^)«*t. 



the miffntiie jotre acts, while the deiisencss of them at any point 
Ucales the intensity of this force. 

They ai"6 therefore culled lines of mafjudk, force ^ or iine& of fure 
aimply. It will he noticed that they all pass through the central 
portion or equator EE of the magnet, but begin to emerge from the 
«dc8 of the magnet as we approach the ends on either side of EK 

By far the greater number of them, however, fjass through the 
inierior of the magnet and emerge from the ends as indicated. Fjich 
line of force is continuoiu* in itself, anfl completes its |mth in the air 
or other matter outside NS. The pith of some of the lines is very 
nhort, while of others it is very long, .-us, for instance, in the case of 
acme of those emanating from the extreme ends of NS. 

Now*, whenever lines of force emanate from a magnetic liody uml 
the air, that body is said to possess free nmgndimih In the 
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case of Fig. 2 the magnetism is all frre^ and therefore availaViIe for 
producing a force of atti*action or repulsion on any niajtjiietic iiuitenal. 
Magnetic Field. — The lines of force emerging from N8 in Fig. 2 
are those in the plane of the cardboard, but if the magnet is fixed 
in an upright position, and filings sifted on to the cardboard while it is 
resting un the upper end of NS, it will Ije noticed that the lines 
emerge from the pole radially iu all directions and return to the other 
polo in a similar manner. In other words, the magnet is completely 
enveloi>ed by the lines of force which emerge from it on one sitle of 
EE and re-enter at the other, completing their path in the surrounding 
Bpace, which is commonly called the magnetic field of the magnet. 

Hence a magnetic tteld exists wherever there is free magnetism, 
or wherever the filings place themselves. For convenience it is 
universally assumed that the lines of force emanate from the msignet 
on its N aide into the air, through which they flow, finally ent^nng 
the magnet ai'ain on the S side of KK 

It id interesting juid instructive to noto the distribution of magnetic 

field due to two similar and dissimilar magnetic poles in the vicinity 

_.._.._,_ of one another. In Fig. 3 is 

indie^tted approximately that 

tlue to urdike poles when neai- 

one another. 

It would ap[>ear from this 
iis if the lines attract one 
another and alter their respec- 
tive paths so that their co- 
nlescence may be a maximum. 
Fig. 4 shows the distribution of field in the ciise of two similar 
polea S or N, and here it will appear that the respective fields repel 
une another ; for, from what has been previoTisly said, the lines of 
force are emerging from each of the N poles in opposite directions. 

If iui or<Hnaiy bar magnet l>e bent round into the sha|>e of a Ui 
the distribution of field will apfjroximate closely to that shown 
in Fig. 5. In this case, in obedience to the universal rule that 
lines o//"rM tfikt ihr jmth of kast oldruction or r«swten<:«, they will flow 
from pole to |K>le across the U>p of the U. Most of those nc^ir the 
neutml region HE will flow hilurm the limbs, though some will com- 
plete their pjith from the outside of the left-hand limb under the l>end 
and in at the outside of the right-hand limb. 

Now, if a piece of magnetic material such its, for instance, soft iron 
lie placed near a permanent magnet, the normal distribution of iho 
field is altered lo an extent rlepending on the proximity of rbe iron. 
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\y of the lines of forc-e in the noighhoiirhofHl alter their path in 
ler to try and puss through the iron, which otters far tess resistnnce 
to their passage than i 

i]oes the air. , ^ 

This is indicated in ' /.•..''''^' 

Fig. 6, which represents 
a U-sba|MMl magnet with 
a soft ir«>n arniiiture or- 
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keeper A, a» it is often 

culled, fixed independ- _ 

cutly lietween its poles. 

In this case it will be 

noticed that the lines 

crowd up to and emerge 

from tlie N jjole, pass 

through the annature A, 

and into the S pole. The 

effect of A is to concentrate and diiect the field between the poles, 
also to prevent many of the hnea of Fig, 5 from passing between 

tht* l<nver portiona nf the limbs 
.\**'^\' I ''/.' a'fd tmt from tlic outside of 
them. 

Fig- 6 represents the per- 
manent magnetic portion of ji 
well-known and widely tiaed kiml 
of instrnnient, and the principle 
therefore of it is nf great im- 
portance. Referring to Fig. 5, 
as the ends of the limbs are 
brought closer together, the 
magnetic fiekt becomes more 
intense between the [joles or 
ends owing to the diminution 
of resistance in their pjtth de 
creasing at this |K)int. This is 
the case of the so-called home'sfiov 
jwtfjnfi, now so commordy met 
with, fis a toy, at the present 
day. The effect of ])lacirig a 
!0 of soft iron (the keeperj near its poles or across them is also 
ell known as hardly to need mentioning. The very strong force 
uttmctiori which results i.s solely due to the lines of force crowding 
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int-o the kcei)er so as to find a path of smaller resistance than across 
the air between the poles, aiui to their endeavour to shorten that pjith 

as much as poasihle ; i)Oth these ends 
. .■,/,..--_ , . • bein^ attiiined when the armature or 

keeper is up against or across the 
poles. It will be rujticcd ihut the for<ic 
of attraction is not nearly so great 
between one pole of a simple bar 
magnet (Fig. 2) and the iron keeper, 
because fewer Hues of force enter the 
latter. We shall, however, come to 
this point again in connection with the 
force of attr'action of a magnet. 

Mag'netle Induction. — As the term 
implies, magnetic itubiction is the 
pheuomeuum of imlndafj magnetism 
ill magnetic material by the influence^ 
from a di4fincf\ of another nmgrjet on it. 
The effect is one of great import- 
ancH, since most of the instruments 
used in electrical engineering are liable to this indiicin«c effect from 
outside sources, which may, unless care is taken, cause grave errors in 
their itMlieations. Magnetic in4luction takes place in any magnetis.able 
substance whiih is sufficiently near to a magnetic fiehl for some of the 
lines of force to pass through the substance. Moreover, N and 
S polarity is always set up, and, knowing the direction of ihe 
field, we can always predict that induted in the substance, for an 
S jwie will dlmifjs he farnmi ut ihr p'ui where Ih-c liui:< of Jm'Cf- niUr thf. 
sitbstanee, and an N pole where they leave it, no matter what its 
shape may be. In other wordy, the pole nearest to that of tlie inducing 
magnet will be of oppusite kiml The substance so influenced is 
able to, and does, act as a magnet during the time for which the 
magnet acts on it, but in most cases loses its magnetism after the 
magnet is removed. The reason for a magnet attracting a jiiece of 
iron which !ias not been [ireviously magnetised lies in the fact that 
jjoladty is first induced in the iron, and then attniction ensues from 
the fact that unlike poles attract with a force in excess of that w ith 
whirh the like poles repel. 

Magnetic Screening", — The preceding remarks lead us to what is, 
at the preserH <lay. a must imix>rtant precaution which is used in ships* 
com|jaftst!S and many measuring instruments, Mjignetic induction takes 
])lace across every known subst4*nce except those which nre mfunuHsthU 
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corisitlofjtbie <legi'e»\ Consetjuently sucli instruments as are 
etwi by external magnetic fields can l^e fuot^cted from tliem liy 
placing a sheet of magjietisable material, which wr may term a wagnrtic 
tru^ between them and the fields. r}oo(l soft wrought iron or niihi 
j1 ttre the best materials to use _ . 

for Buch &creens. The screening action 
will be easily understood by reference 
lo Figs. 7 and H. 

In the former, the north jjole N f 
^say) of a magnet is placed near a 
suspended miignet ws, witli an iron C" 
wreen AB between. If AB m both 
thick Jind large enough, the lines of 
force will enter it and try to continue 
their path wholly in AB, vcMh the 
result that ns is entirely unaffected fiy ^ 
this neighbouring magnetic field, there 
Vwing tt« JTff mafineftam pervailing the space in which the field of /^s 
A more certain screening action wouhl be obtained with an 
iment nich iia that shown in Fi^. 8, in whit-h the freely su.h- 

pernled magnet ris is en- 
closetl in a soft iron or 
mitd ca^t- steel cylinder 
— AB,ha\'ing j»referal>ly the 
back and part of thi^ front 
of the same material. 
The dutt^id arrow lines 
.show the path which the 
lines of force take, due 
Lo »'>nw outside Meld NS. 



MutfiK'lic ScreeulUff Efff'c-t of 
an rn»n I'latc, 



N 




Flo. 9,— M4gn«tic ScrreiUiig by an Imn Cyliudtir. 



If the thiekneas of the walb of AB h stich iis to offer a sufficient 
erisducting j>atli for the lines, these latter will flow wholly in the 
iron ca>*e^ without emerging into the interior. If, in addition, ilic 
lock and front is also of the siimc material, some of the lines will 
flow through them also ; but in all cases, so long as the externnl fietfl 
unable to exhibit free magnetism inside, then' will Ihj no eH'oct on 
m^ignetic device phict^l in the interior. 

Thia arrangement is now being largely used for shielding sh'^pa' 
cnmpasses and deliciite electrical engineering instruments from tin* 
}x)werful magnetic fields in which they f>ften have to be fixed, a small 
window closetl with glass Ix^ing left \n the front end to read the indica- 
tions of the iustniments. It should be remembered, however, that the 
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etftcacy of any screening device diminishes sis the material of the acroen 
becomes more nearly saturated (p. 13), so that the induction density 
(p. 16) in magnelic screens should always be fairly low, FurtherniorL*, 
the screening effect in aUenjuting eunvnt fields fnrreases with the 
rapidity of alternation. 

Strengrth of Magnets, — Thhisni^amied hif the magnetic farc^ ejtetied 

hif eithet pott' of any magnet, for the strength of u magnet is repre- 
sented by the strength of its poles. 

Since, however, we have aeeu that magnetic force acts only where 
free magnetism exists, or, in other words, only in a region pervaded 
by magnetic lines of force, it is evident that the .<hrn;/tJi of a pnh is iltr 
Huwimt of frttt ftuKjndism tit that jwk. 

Conserjuently, if the number of hnes of force emerging from the 
N or 8 pole of a raaj^nct A were donlde the uumlier emerging from 
the N or S pole of a magtiet B, then the strength of magnet A would 
he said In l>e double thai of B. 

Experiment tends to sliow that the niugnetisation over the whoIt> 
area of cross section of a magtiet is by nu ni^ans uniform ; or, if we 
imagine the magnet to be built np of thin strata of steel, the outer- 
most Ktratum or surface is the most bij:h]y magnetised, while each 
succeeding stratum — or hiyer of niagnctrsni, if we may be allowed tb« 
expression — as we proceed from the surface, becomes less and less 
strong. Conseijuently long thin steel magnets are moi-e jK>werfnl in 
proportion to their weight than thicker ones, and there is evidently no 
ailvantagc to lie gained liy cm[>loyitig thick solid steel magnets when 
bining permanent 4mcs aie required. 

Where maximum strengtli is required, magnets are built up of com- 
jwiratively thin laniiniT' of good hard steel, either in the form of strips, 
iiorsesho*'s, U'e, or any other desired shape, se|>Jirately magnetised as 
strongly as possible, and aftcrwartia assembled together side by side to 
the desired size, with like pules together. 

The < umpiimul m' lambuit^d nmtnid so formed is found to be stronger 
than a solid one of cqiud dimensiotiB and weight in the same material, 
though a little weaker than tlie sum of the strengths of its component 
parts. 8uch magnets are used for many purposes, one insUmco being 
the familiar D'Arsonval galvanoniettM- (p. 211) and other similar per- 
manent magnet instruments. The best steel to employ for construct- 
ing permanent magnets is that known commercially as ' Allevard ' 
steel, and also that made at Hiunii'm. A. Abt * finds that magnets 
made of Wolfram steel are alximt twice as strong as any other kind 
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ly, other conditions being tliK sunn;, \mi th;it they lost; tneir 

netism more rapidly. 

Molecular Theory of Magrnetism. — It has already been mentioned 
ihiit if a magnet \)G broken up into a uumbpr of tiny pieces, each will 
still be a magnet ha%'ing an N and S |xjle. 

Kxtcnding this to the limit by breaking it iij» ihtd it« constituent 
>i6culcs (».t'. the smallest particles of tbia or aii}' other swlistance that 
exist in a free stute), eiich molecule will be a magnet having a 
definite N and S pole. This leads us to the now generally accepted 
theory of magnetism, namely, the mikcuJar one, according to which every 
molecule of any magnetisable material possesses a perfectly constant 
magnetic N and S polarity. When such material exhibits no free 
even though it may be in the form of a Ixir or horse shoe 
iet» we are accustomed to sjiy it is unraagnetised. In reality, 
however, the magnetised molecules are so arranged or mixed up in- 
ternally as to form closed magrtotic circuits amongst themselveR, and 
in this fondition no lines of force emerge itito the air. 

During the process of magnetising the msiterial, when the lines of 
force from an outside magnetic soiu'ce pass through it, the magnetised 
molecules turn so that their N poles all [joint one way, i\'\ in the 
direction of the lines of force, and in more or less straight lines. 

The material is then sfiid to he }i^)hirisf'/, Avith the result that a free 
N pole is produced at one end of the material and a free S pole at 
the other. From the foregoing it would appear tliat the maximum 
limit of magnetisation is reached when </// the molecules are end on to 
one another and arranged in straight jiandlel rows. Careful researches 
on magnetism by Hughes, Boetz, and others tend to substantiate this 
theory, as also the fact that on magnetisijig a glass tube full of iron 
tilings ihey set themselves end on to one another, and so continue to 
exhibit magnetism until shaken up. Again, vibration during magnet- 
ion aeceleratCK and improves the action^ tending to show that thf 
mlrj»arc hnlped into position mechariif';dly as well as miignetically. 
The above remarks Ica^l us to the folloAviog rmporti^int consideration. 

Magnetic Retentivity, — The foregoing theory supplies us with a 
highly probable reason why all magnetisable substances do not become 
magnetic permanently, or why one will exhibit more magnetism thun 
another after the removal of the magnetising influence. As u general 
rule, the harder the substance the more permanent is its magnetism, 
the more difficult it is to magnetise or get rid of the magnetism when 
once properly iicquired. In explanation of this, the molecules of the 
softer material may be supjiosed to be much more loosely packed 
together than those of harder material ; hence, when the magnetising 
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influence is removud, they wholly «>r partially collapse amongst them- 
selves, turning out of the uni-directional straight lines into all kin<ls uf 
positions, thus completing their magnetic circuits through themselves' 
and nearly eliminating all free mfignetigm. 

Subat^mces which behave in this way are frt^/-iron» colmlt, impure 
qualities of wrouglu-iron, certain kinds of mild steel, and jmrtiL-nlaily 
soft annealed Swedish charcoal iron and pure soft iron. On the other 
hand, in the case of hard materials such as lodestone, steel, nickel, the 
molecules when once set so as to exhibit free magnetism remain set, 
for the most part, from an apparently greater difficulty in moving 
due to l>eing packed more tightly^ thus giving rise to a considerable 
amount oi fire or permanent maguctism. 

These latter materials therefore retain the greater part of the 
majjnetism imparted to them. In other words, their retenUvity or the 
rtsidiKil mafpietism — *.r. what remains after the magnetising force is 
removed — is high ; but the ability of any substance to exhibit tliis^— 
property depends entirely on its chemical composition and molecu1ai!^^| 
structure. A steel bar is much more difficult to magnetise than an ' 
iron one of the same dimensions, but its retentivity is much greater, 
and this illustrates a general nde for most magnetisable substances. 
The rosistiiuco or force opjjosin^' the motion of the molecules, and 
therefore which opposes magnetisation or demagnetisfition, has l>cen 
termed coerciiv. force ; but this is not a happy term to use for thu 
property, rdfufirift/ being preferable and more expressive. 

Tractive Force of Magrnets.— The tractive force, lifting power, or 
porttitive force of a magnet, as it is variously termed, depends on — 
(1) the form nf magnet, (2) shape of attractive surfaces and how well 
they fit, (3) strength of the polo or poles, (4) area of contact surfjiee, 
(5) how the load is applied, (6) shape and size of armature attracted 
across the poles. 

As will be gathered from the remarks on page 10, a small 
magnet will lift a greater load in projiortion to its own weight than a 
large magnet. The force of attraction In^tween any magnet and ita 
armature is directly proportional to the intensity nf the magnetisation 
induced in the latter, providing the armature, by reason of its mass 
and high intensity, does not react on the mngnet, altering the strength 
of the latter. Further, if the magnet and armature are uniformly 
magnetised throughout their mass of cross section, the force of 
attraction will l>e proportional to the cross section of the iron. 

Now, in order to incre^ise the tractive fVirce of any magnet ami 
make it a maximum, as many lines of magnetic force must be made to 
pass through the armature as possible. 
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To ensure this, tbe nrmatiire fihould be made of the softest iron. 
short as possible, and with sutticietit eross Heetion throii^^huut to 
oury the lines of force. 

It eliouki be remembered that air offers some hundreds uf times 

iter resisUncc to the passage of tl^e lines of force than siuft iron 
Hence the nece«sity for ciirefully facing the eontiiot surfaces 
between magnet p^de and armature in order to diminish the air film 
between them when in cont-ict, which tends to prevent some of the 
lines entering the armature. To still further counteract the effect and 
diminish the efloctive resistance of this minute air film, the area of 
contact may be increased with advantage. 

The beat form of magnet to emj>lny is the horse-shoe, where both 
poles attract the same armature; an<I since the intensity uf raagiietisjition 
of the latter, which is proportional to the tractive force, i.s also directly 
projwrtional to the stiength of the magnet, this latter should be as 
ttrung as fwssible and therefore laminated. Such a magnet will lift a 
load four or five times as great iis a l»ar magnet, of equal weight, will 
lift. Generally speaking, a good hoise-shoo permanent stoel magnet, in 
which attention has been paid to the foregoing remarks, should l^ 
capable of lifting a load of some twenty-five limes its own weight. It 
hail 1»een found, however^ that if the loatl on a magnet bo gradually in- 
creased day by day, it will finally support a much larger one than it 
ooald have clone if the load had been suddenly applied. This behaviour 
io far has not )j#en explain* d, but in all ca.^es it oidy bii^t^ until the 
incf^aeed load detaches the armature, when the magnet apjmicutly 
rrtnnies iu usual power of attraction. 

Ha^etic Saturation. — On piigc 11, in connection with the mol^c- 
uUr theory of magnetism, it was mentioned that the maximum limit 
of magnetisation woukl be reiicbed wj.eii all the molecules assumed 
tbe end on poHition. foiming parallel line^, 

A magnetisable substance in this condition, or, which is the s;ime 
lliinj;, one that has liecn magnetised so strongly ais to be incaimljle of, 
M Io Hp&ik, absorbing or allowing any more lines of magnetic force 
Io 1)A&H throtigh it, is said to be magnetically Milarukd. No magnet 
renains saturat'Cd. or is even able to maintain the high degree of 
nuignetisation excite<l, after ibc magnetising force is removed, though 
ncnt iDAgncts arc stronger immediately after than some time after. 
It U ciirioiu to note the effect of heat on the magnetisiition of magnetic 
iais. Increjise of tem[)erature decreases the strength of a 
lot, and it is possible, in most ci^e-s, to eliminate the magnetism 

beating the magnet to red heat, or even less, but it recovers 
partially on cooling. ([Pooling, within limits, inci-eases the strength 
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of a JiiJigTiet Furtlier, it is very importjint to rememlMjr thiu 
mechanical vibration tends to eliminate free nmgnetism, the molecules 
appefiring to be jai'rod out of their eiul-oii position. 

Ill the caee of }>ernfiuu'nt stnl muijnrfu^ it is therefore very itijunif 
to kmtck or drop thnn ahmf, while for some appliances it is evei 
advantageous to have vibration. 

A permanent steel mjigtiet may in the long-run be magnetist 
more strongly hy gently jarring it while being magnetised bv certai 
methods. 

Magnetic Permeability op Induetivlty. — We have more than' 
onco spoken of the obstj'uction t>r resistance to the pissage of 
magitetic lines of force^ and the reailer will have gathered that alM|| 
snbatances or matter (io not conduct lines of force with equal 
facility. The conduLiing |xi wer, of any substance or me*liunt, for 
lines of magnetic force may be termed its matjiirtk amdnrUmcf^ and 
the recipr<u'al of this, its imujufUr rcaisiance. The ajtecifie muffneik 
rciistancff of &ny mediimi is the magnetic resiatauee offered by a 
unit cube of the medium, and is often denote<l by the Greek letter pJji 
The reciprocal quality to specific magnetic resistance is called migmfifT^ 
jH'rtmability or iiiductivity, and is generally represented by the (ireek 
letter ^ 
Hence a^-^ 
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midt thn magnetic permeability of any mediiun is the magnetic 
conductance of the magnetic circuit composed of this medium of unit 
length and unit section, ^ is a ^(yjishmi at definite value for any given 
medium ; it is always positive, and is taken as unity for empty space 
(vacuum). For air, zinc, mercury, lead, silver, copper, gold, water, 
and a few other substances it is slftjhtbj /».^.s ihafi 1. 

For magnetic materials, ejj, iron, stoel, nickel, cobalt, manganese, 
and many compounds of these, ^ is greater than 1. It is, however, 
greater for soft iron than for other substances, and may reach 3 GOO, 
but for steel may only be about 800. In other words, the magneti 
resistiince oH'cred by steel may be from four to live times that ofter 
by goo<l soft iron. 

Laws of Magnetic Repulsion and Attraction. — There are two 
important fundamental laws of magnetic force \ — 

1. That like muffMtk poUs repel, nnd vnlii'e mtu/tietic po!rj< atirad 
one amthrr. 

2. Jli(it the farce ejurtcd betivtcn im> witijndic pole.^ is proportional to 
fhff prodiirl of Dmr drett^tfij and intm'sely inojioriiomtl to thr sgimrc nf the 
distame Muren ihrm. 
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le first law we have already dwelt upon sufficiently, iind the 
>nd we will riuw consider. If rUj, m.^ are the sLietigths of any two 
magnetic jKjles, and d the distance between thera, then the force F of 
attmctioTi or repulsion, depending on whether ihey are unlike or 
similar imjIcb, will be 
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;uid fiu'ther, if /* is the nmgnetic permeability of the sunoimding 
ntediuni, then 

1' 






rf» 



rf« 



Xftw ft. for HI r is su very nearly 1 that in practice it is always laken 
1 ; and if ^/ = 1 centimetre and F - I dyne (for definition «>f ^vhich 
page 60), we obudii the dcHniiion of a magnetic pole of unit 
•Irengtlu 

Thu« : ^ mfffnetic jmiU of unit strength in onr. fnidi ilmt^ tofien plac4d 
id a duiane^ of om ceniinveire from o similar jutle if equal drm^^th^ repth 
ii itiih n foTO- of one dyne. 

Examples will aid the reader tu underskuid the application of 
the above law more thoroughly, 

Kj^imjilf 1. — What fcjrce would a magtiet pole, the Rtrength of 
which is 4 units, exert Ufjoji another pole of strength K units placed 
2 ceDtim©tfe« away 7 Assuming the permeability of tlio surrounding 
medium unity, then substituting in the above relation, namely — 

I in,Tn.. 



¥ = 



i/* 



have 



8 Jyn« 



„ I 4_>_§ 

t once knoM'n whether this force is one of 
if the polanty i.s known, since like polea repel, 



It is, of course, 
attraction **r repuUion 
and nnbkc ones ai tract, one miothcnv 

EsoampU 2. — A magnetic pol<' of strength 10 units acta with a 
force of 20 dvncs U|wn another }K»le placed 5 centimetres off. What 
in the strength uf this pole i 

Hero let w^ ^ 10 and /t = I. Then m., is found thus: — 

1 nitmn 



Since 



F = 



the required jwle strength m.-^;f-^^^i'=.=^Y^?^= 50 unite. 

Emmple 3, — A magnetic pole of strength 5 unite acts with a 
« of 25 dynes on afiother pole of strength 20 units. What is 
diatance between them 7 
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Here rf,^y«or./= J'^'''^ 

, ". I li(3 required distance rf = /L'' n = V^ = 2 cms. 

Hagrnetic Moment of a Magrnet. — From what has just l^een safe 
it is evident that the force / Jictiiig on a magnetic pole of strength 
m ill a magnetic field of intensity II will be 

But since it is impossible to have only one polo without another of 
opposite kind, we have to consider the combined action of the two 
poles X and S in the field. If we suppose the magnet to be freely 
suspended, both poles will be acted on by the field equally and in the 
same sense. Hence we shall have two equal and opposite parallel forces 
H - ifi acting on the poles of the suspenrled magnet in the field H, 
tending' to turn it so that lioth fields coalesce. H / = dist.'ince lietwe<-n 
the poles, i.e. length of magnet nearly, the forces w H at the ends of / 
form a rmtpkj as it is termed in mechanics, and the total foix-e acting 
on the magnet will be 

The product ml is called the mofftuaiic mmwnt of the magnet. 

Intensity of Magnetisation. — We have seen that the strength of 
a niMgnet depends ujKjn its size^ .^hape^ and material of which it is 
made, and also on the magnetising force enqjloyed in m.iking it a 
magnet It becomes therefore a matter of difficidty to ciimpttre the 
usefnliiess of any two magnets. Tho way in which it is usually done 
is l)ased on tin; assumption that the magnet is uniftrmltf Tiutfjnftiiied^ 
i.f, that the magnetism is uniformly distributerl over the cross section 
at nglit angles to the magnetic axis, which, as we have already seen, 
is not tho ciise wth thick magnets. Further, that the poles are 
coineiilent with its ends, which also is only true l^r fairly long thin 
magnets. 

Assiuning these two points, any two magnets may he compamd by 
their respective intensities of magnetisution, I. For 

. _ mrtjiTiftit' (iiotfient _ jul _ m 
~ voltiruo oJ iiioijtTiet ~ tiJ~ a ' 

where a = sectional area of magnet. 

In other words, their magnetic moments per unit volume are coin- 
pirett. An example may make thi;^ clearer. 

Example. — Two rectangular hju* magnets have poles of the same 
strength, hut one (A) is 12" long and l" •. J" in section, the other 
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(B) b 24" long and 2" y^ 1" in section. What .ire their relntive 
intensities of magnetisation and relative magnetic momenta ? 
From lUe above relation we have 

ml tn m 

2m _ '2jt_2x »A _ 

the intensity of magnetisation of A is 4 timc^ that of B. 
Again, if we denote the mngnetic momenta of the two magnets by 
the letter M with suffix A or IJ, we see that 
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I — ''^_*!? — 
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A. 



Hence the magnetic moment uf 




iht'ir fiirengtha of poles being equal 
B h twice that of A. 

Lines eraanatlngr fi*om Unit Mag-netie Pole. — Supiiose a single 
letic p*Ae of strength m to occupy a position in spacti away from 
y vther magnetic field, and to have described iirunud it an infinitoly 
thin spherical surface at a radius r and with the pole us centre, 
then the intensity of the ma^^netic field at any point on the surface at 
distance r from the polo and tlue to it, in other words, the numher of 
linea cutting unit area of the spherical surface, ^ '^ and the area of the 

^ whole splierical surface = Airr'-. 
Whence the total number of lines cutting it or emanating from 
the pole = 4»rr- x wj/r* = iirm. 
w ,\ a unit f/mynntk jMde will /wnf Ax- lim» of mtupmUc ft/rce enter ffintj 
Magnetic Induction. — If a long thin nul of iion or other magnetic 
material be placed in a uniform magnetic field nf intensity H in air, 
^ with its length parallt?! to the lines of force of the fieldj then the 
H Iota] number of lines of force crossing imit area of the entl of the ro<l 

H =H « 4r V = H -t- 4TrI, where 
^^Th. 



2 = intensity of magnutisAtiou at the eml of the rod = — . 

jw =«tr«igtb or iii:n»ber of lines tlae to the induced polo, 
n =croaA aeotioiml area of the roii. 

The ftliovo summational term is conmioiily denoted by B, so that 

IfWch is one of the most imporUint fundainental hiwa in magnetism. 

c 
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The induction density Bis therefore defined as the numl>er of lines 
of mu|;(ietic force passing through unit areu of cross section, in practice 
taken as a square centimelre or s*mare inch. In the best soft wrought* 
iron B nmy be as high as 20,00U for high magrietisitig forces, while in 
steel it seldom exceeds 10,000, and is more often about 7000. Good 
permanent steel magnets may be magnetised to a jiemianent iudnctiou 
of about 8000 or 9000 magnetic lines of foree per square centimetre. 
The iat4d number (N) of lines of force passing through the neutral 
region of a magnet in of course 



and this is sometimes called the total jiM, Jinx, or 'total induction/ or 
even * induction ' stm|>Iy ; but the last two terms are likely to be mis 
leading, and should be avoided, since they are likely to l>e confused 
with the induction density B per unit area. The terms * flux ' or 
' t^tal field ' for the al>ove expressioti of N are therefore to be reooni- 
mended. An example or two will help tt> familiarise the reader with 
the di Here nee, 

E.cumf>h' 1. — A Hux of 100;00<J lines of magnetic force are |3ass- 
ing through a magnet, the size of which - 'i» inches ^ 2, what is the 
induction density ? 

Since N = B.fi, 

/, the require*! induction density B= = .. = 10,000 lines per 
square inch. 

Emmjtk 2. — -If the induction density in the al>ove magnet hfwi^ 
been 5000 lines per square inch, find the total field. Total field 
(flux) = B.a = 5000 -2x5 = 50,000 lines. 

The reader hixa now been acquainted with many fundamental facts 
and definitions of great imix>rtance, and he slioulil endeavour to make 
himself familiar with them, na he will find that they liave to be con- 
tinually brought up in connection with much that has yet to be 
dejilt with. 
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gUJ-iSTIONS ON CUAPTER I 
{Suftfiltmrnt nil Aivtiirrs u-itA Skftdu-jf fhen ftna$il^,] 

1, Dbtiuguisb bettrceii a maynet and nuujnttic »ubgUtnce, aud t^numemte the 
various itroperties of ojm'Ji. 

1». What b moHnt by '/rtt nuti/miism " f £xplam its oonuoctiOD with tlio foroe 
exerted by th« xiiagnot, and how this latter varies in 11} a bttr niat^ct, (2) a tl-Abajied 

\ Ex{>1nlu tbt5 temis * fiuujnrtk MtV * uui'jnetic cwu,' * itftttral rtyiOH,' 'poiariiy^* 
*/iH€Si>/ Ma^nrtic/um,' in coiiuectiou with uiagnet> m goaeral. 
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4. Sutc the Uwn of mutual action between magnets. 

5. What is the effect of bringing a pioc« of iron near the poles of a magnet? 
Cbui the etfect be made use of in uii y way T 

*. What do you mean by the strength of a magnet ? How onn it he iiicrensed ? 
r. Give a short acooimt of the moi^xular Ciieori/ of motpu-liam, |iointiiJg out its 
VMk |ioitita. 

8. Carefully ilefin© the terms Magnetic -Reteutiyity, -Saturation, -Pc«rmeability, 
•ta«iuctivity. Induction, and -Fhi.v. 

9. <>n Mfhal doess llie ' ti-aclivt" ' force of a magn«t de|>eud, and how fan it li 
ioeresaetlT 

10. What do you tniderstand by the * intensity' of magneti9ati<m, ' wfi/pu'fii 
mamnU' and * vni/ pole * ? 

11. Two magnetic poles, the strengths of whicli are 8 and Ifl tinit.s resi>ectJvely, 
mn plaoeil -I cms. apart, what is the forre exerted between them 1* 

12. Kind the strength of u mugnetic pole which acts with a force of 40 dynes 
on anottier f«le, of strength 20 units when placed 10 cms, away from it. 

I.*^. What is the distance between two poles which uct on one another with a 
lurce of fiO dynes, if their strengths are 60 an<l 10 units resjjectively f 

14. Tlifi magnetic flux throujs'h a rectangular bar mapnet l"x2", in section, is 
2D,0O0 lines. Find the [»erroe«bility of the material of tliv bar if the magnetising 

18. Comp«r« tlif intensities of magnetisation of two bar magnets, otie of which 
long and 1" diameter, the other 9" long and 2" diameter, their jwde strengths 
rc«jK*etively 40 and 60 units. 
1(. Compare the relative niugnetic monu-'ul^ of the two magnets mentionr<i in 
«[tiaitioti If). 

1". Writ* an account of the method of making nmgnets so that they niuy be 
|«RDatient. Explain what sort of variation you wuuld exftect to liiid in u go«Hi 
longing to some luciuiuriug instrument. (Hons. Sect. I. 1698.) 
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FrNDAMENTAL PHENOMENA 



Electrlcity^ — ^Its Nature. — It is not uncommon to sometimes meet 
with phenomena whicli cannot be exphiinetL Theories may be 
Hflvaiiced to account for certain well-known facts connectetl with them 
whii'h common sense tells us might very probably lw3 the case. What 
electricity is h^is not yet been siitisfactorily determined, but more than 
one tlieorv ha^ 1>ceu projjonmk^d to explain ilB iialnrc. Unlike sound, 
light, and heat, however, eiectricity is not iji itself a form of energy ; 
and it is eertiiinly uot a form of matter. Electrification is, however, 
accompinied by the production of energy^ and results from the expen- 
diture of energy whether chemical, mechanical, or otherwise. With- 
out committing ourselves to any theory which may actually be un- 
jiistitiahle, we will be content to judge of what we commonly term 
ek'cfnciiif by its ejects. 

Electrical Attraction and Repulsion. — If a glass rod, which has 
l>eeii well dried, be rubbed with a dry «ilk cloth and held near to 
small pieces of cork, pith, s^uvdust, jmpcr, or cut stmWj etc., thesij will 
at once move towards the iml» some of them sticking to it while others 
move rapidly away after touching it, as if repellecJ by the ro<l. More- 
over, a tiny spark jiasses l>etween the rod and linger when the 
hitter is held close to it, and is accompanied by a crackling noise. In 
ordinary parhmce, the rod is said to be dedrijkd when it exhibits such 
peculiar proj>erties, which it did not previously possess, apparently the 
residt of the rubbing. The name dedrm/tf is given to the agent to 
which such phetiomeua ns the above are ascribed. 

Two Kinds of Electrification.— When a ghiss rod that has been 
niljbcd with a silk pad is held neoir to a pith ball suspended by a 
dry silk thread from a support, the pith ball is attracted and flies 
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tuwanis the rod. llnving touched it, the ball is now persistently 
rvpelleclv AS if by some invisible forte, frum the electrified rod. The 
or rubber will bring about a precisely similar etfect on Ji fresh 
ball similarly 9uapcndc<l, providing care is uken not to handle 
the pad too much, and other precautions are taken. If, however, the 
ailk rubber be held near the pith ball which ig so persistently repelled 
from the rubbed glass rod, attraction at once tiikos place. Further, 
\i the rod l>e rubbed with the silk pad and the two he brought 
together either to the pith ball or a suitable delicate detecting instru- 
ment, with the f)iid wrapped round the rod as it is during the opera- 
tion of rulibiijg, no efl'ect will he tletected on either pith ball or 
tiMtmments. Or, again, if all the electricity of the rubber and thing 
rubbed bo imparted to a third body, this body will show no signs of 
cler.triticAtion whatevej. The abnve» tlien, shows us that in the act 
of ru1*bing the glaas rt^d apparently two kinds of electrification have 
been pr»Kbicctl, »me on the rubber and the other on the thing rubbed, 
and further, that these have exactly opposite ctTects, apparently 
neutndising one another when brought together. Neither kind of 
^rificntinn is ever produced alone, and careful experiment has 
^11 that ct{Ual quantities of the two kinds are ahvays produced 
»imult.*ine(jusly, one on each of the two bodies rubbed togetljer. It is 
customary to calJ the two liinds so produced j>osrifii'e and nffjatire 
fitfiricittf rcBpectively, and the glass rod is charged with the former or 
* '", the rubber or silk pad with the latter or - ''*' electricity. 

All subfttances are capable of being electrified l-o some degree, 
•nine much more tliati others ; and though electricity ia produced 
when any two eulisUincea of a, different nature are rubbed together, it 
i« nui aiwiit/a apparent, for reasons which will be given presently (p. 24), 
The degree or intensity of electrification of any body is termed its 
Chax*ge. and this is propfirtional to the <jntnififff of electricity on that 
}i..ly. 

Mutual Action of Electrified Bodies. — Suppose that two similar 
(lith Iwillii are cJich hung by means of a dry silk thread from the arm 
of wrtue BuiUible su|)port, so as to hang quite close to one another. 
If now an electrilicfl l>ody be made to touch both Kills, these will bo 
repelled from one another ui\d from the brjdy which touchfd them, 
and this repulsion will continue after the body has been removed 
from the vicinity- The pith balls aie manifestly charged with the 
i/ime kind of electricity, and therefore we see that — Like kincU of 
Aerlr'uii^ repfl one nnothrr, 
I It. however, two pith balls, similarlv auspinided from two separate 
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rubhed, they will he attracted towards one another wlien brought 
near each other. The balls are now evidently char^'ed with opposite 
kinds of electricity (p. 20), and ihorefore we see that — Unlih' kinds 
of eh'ctnnif/ atfrad one mwfhrr. Further, if a non-electrified body is 
brought iieiir one that is electrified, attraction ensues, thus indicating 
that the action is muluftl. 

Conduction and Insulation.— Suppose an electrified body to bo 
mLspendnd from thu erul of a long and dry silk thread htdd in tliO 
band. It will be noticfd that immediately after the source of 
electrification is removed the bodj' attracts light articles rather 
strongly, but that this attraction becomes more feeble as time goes on, 
until in a short time it appears not to be electrified at all. If the silk 
threiid be damp the apjiarent loss of the charge is much more rapid, 
while if a mcUd wire is used as the suspension the loss or disrfutnjt'j om 
it is then commonly termed, ia instanUmeous. In fact, in this latter 
case it is apparently impossible to electrify the body. This loss of 
electrification is explained by saying that the dry silk offers the 
greatest obstruction or rf^LsUtrtct^ as it is termed, to the passage of the 
electricity with which the foody is chargc<l, while damp silk offers less, 
and the metallic suspension least resistance of all 

Substances that behave in the same kind of manner as the dry 
silk abovf mentioned, in not offering much facility b»r the passage of 
electricity tiimugh them, are usually termed mH-r/ffuin.rt(rrs or inatt- 
httors (if. isolators), while substances which behave like the metallic 
suspension are termed ruiuinrfrns. 

Thei'e are, however, substances which come under a third category^ 
having insulating and conducting properties intenuediate between the 
alKjve-named, and these wc may term jMirfial iusuhifora or roHduHt/T'i. It 
must, however, be remembered that these terms are only ' com- 
parative * in their meaning, for nil suhsta/tits comiwt ekctricihf to smm 
t.iieut, and even the best conductor has aomr resistJiitce. 

It is very difficult to givi^ a list of conductors and insulators in 
the order of their conducting power, owing to the effect of tempem- 
ture and quality of the same kiufl of substance considerably altering 
its resistance. The following list of sidtst^nces will give a rough 
approximation, however, of the class to which they properly 
belong : — 
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TABLE I 






Gooi» 

COXI>UCTOIW 


1 
1 


Silver (annealed) 
Copiwr ( ., } 
All other MeUla 

Gas Coke 

Chair* pal 


I 


Bap 

iNSDt^roRS 




' 


<irapliJtp 


C 






•♦-> 










s ' 


Plumlia^o 


^ 






"g 


Dilutt; Aci.ls 


i 






6 


MetAllie Salts 






1/ 


Snlijjc Solutions 


i 

[5 






Metalli. Ore-s 




Vautial 


i^M 


Wiitur i' impure) 


Paktiai. 


tewDi:<rrott» 


2 


Tl.e l%..ly 
M<»ist EavtJi 
Kkme 


^ 


Insula Kill 




i 


Cotton 


J 






Dry Wowla 






fj 


Stone 


g 4 






^ i 


Marble 


^1 






■^ 


Dry Pftp<^r 

Oils 1 

Sliellrie 

PiuaJtin Wax 

Irjilia-Rubber 

Porceltiiu 

Silk 

Ebofjite 






Bai> 




Slate 




(.■(Klt> 


CONDULTOHI 


. • 


Uutta-Pt-rtlia 

Snljphur 

iiimn 

8*;a1iijj,'-\Va.\ 

Mica 

Pure Water 

Oliws 

Wool 

Dry Ail 


] 


S8ULATOIW 



the foregoing table thotie substances brackctod together are not 
in order of condiuL-tiiig i>ower or, oa it is termed, anufuriirttff ; but 
mlifT (annealed) ia the very hest conductor and worst insulator known, 
whiUt dry air i« the \'ery best insulator or worst condiu*tor of any. 

All insulating substances insulate best when quite dry, but an 
increase of tempeniture in the majority of cases diminishes their 
insulating properties. We ahull, however, have o<!Citsion to rt'turn to 
the question of conductivity and resistance more in detail in u later 
chapter, when dealing with another portion of this subject. 

The foregoing tAble and remarks enable u» to understand why, 
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when Any two different substances are rubbed together, the electriiicar 
tion invariably produced is not always apparent, Whether it is, or is 
not, depends on whether one or both suhstjincos are conductors or 
insulators. If one is an insulator and the other a conductor, then the 
former will l>e electritied and the latter not. If both are conductors, 
then neither will show signs of electrification ; while if both are insu- 
lators, each will show electrification. Obviously the chaige imparted 
to a conductor flows away as fast as it is supplied, but if the con- 
ductor is supported on an insulating substance it ^^-ill show signs- of 
electrification all over, even though it be rubbed at one part only. 

Electrification and its Origin. — By employing suitable precautions 
it am be shown that if two insulated conductors be \mt >imply in 
contact, each becomes fully though feebly electrified, though no 
rubbing has taken place, and no increase in electrification would be 
produced if they were rubbed. This, coupled with the fact that any 
two suljstances of the saatt; nnturc show no signs of Ldectrification when 
rulibed together, indicates that the actual origin of the electrification 
considered in the preceding pages lies in the cxmtad of du^imUar sub- 
Mnuci'i^ and not in the rulbing. 

When, however, one or both of the substances are bad conductors, 
it is absolutely necessary to rub them together in order to bring the 
various parts of the surfaces of the two bodies successively into inti- 
mate contact, which is the sole object of the rubbing. 

Mctreovcr, the electric^d energ)^ stored up in the rubber nr thing 
nilibed after they are separated is the equivalent of the work done 
in separating them against the attraction which the two kinds of 
electrification thus yirrKlui-ed have for each other. Thus the degree 
of electrification obtained does not in any way deiiciid on the rubbing 
in itself, but solely on the nature of the two substances and the 
elficaey of their cont-act. 

Electric Density.— -The distribution of a charge of electricity on 
any body depends on the shape of the latter and on its proximity to 
other bodies. The rpiantity of electricity on a unit of area (si]uarG 
inch or square centimetre) at any part of a cliwrged body is termed the 
Electric DaisUff at this part, and which is proportional to that qiiantity. 

In the case of a charged sphere the density is uniform all over, 
but with iri-egular bodies it is greatest at the smal]e.st jwU't. The 
density is mntrjJd on the inner surface of a closed conductor ; in other 
words, an elective charge resides solely on the outside surface of a 
IkxIj, and therefore, so far as electro-static charges are concerned, it is 
immaterial whether the conductor is solid or hollow metjil, or whether 
of any other substance coated with any kind of metallic foil. If Q be 
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the quAiitity of elertricity on a Fmall surfjtce having nn .ire«'i S^ then 
the Surface Density p - C^/S. 

Laws of Electro-static Attraction and Repulsion.— There are two 
imfnirtant fundamental laws of electric force relating to tfie attmction 
aod repulsion of electrically charged bodies, namely : — 

1 , Like. kiiuU of eUdrieUi/ rrprl one another. 
Unlike kifuh of rUdrkitti ntttad one another. 

2. The j'ime of ekctro-statir ottrdcfion or rvpulsinn cxerird letiretn two 
dtdrknlly dnirgefl bodm is prttportional to the product of the quaiUities of 
tUdticitjf with trhick thei/ tire fhanfed, unci inversdi/ proportional to the 
Mpttiff of the didame httireen them. 

Thi^ first of these laws has alrc^idy been considered suthciently 
(|>. 21 ), but the second will now be considered a little more in detail. 

The law is true only \v\wn tlie charges are ctmcentrjited at points, 
but is approximately true when the size of the bodies is small coni- 
jjured with the distance between them. 

Let Q,, Qj represent llie <|uantiiies of electricity with which two 

dl upheres are charged, and 4= the distance between their centres. 

Then the force F of attraction or repulsion, depending on wheth« i 
they are charged 'with unlike or like kinds of electricity, will bo 

bat it is obvioUA thnt the force will depend iqwn the facility which 
the intervening medium otlers for il to act through. 

Hence if rr l»e the ' si>ecific inductive wipacity ' (p. 29) of ihe 
Intervening and surrounding medium, and which is a speeiftc con- 
stant representing the ratio of the vubu^ of F in air to its value under 
the nAiuv conditions in the given medium, then 

Tow air is the alaudard of reference or for comparison in the 
le way that sea-level is tlte staridar*] level with which to com]wue 
heights and depths ; furtlier^ tl>e value of tr for air is bo very nearly I 
that u\ jituciice it ia always taken as L Hetice if t^ = 1 centimetre 
*4nd F - 1 dyne (p. 6(i), we obtain the definition of a nnit quantity of 
electricity, by me^ns of which standai'd we are able to measure or 
ifjare other quantities. Thus : — 

Om unit of eledTiniif is thai tpiautity whidt^ when placed at a distance of 
emiimetre in air from a similar and etpml ifynnliiij^ rejfeh il with a 
fort/t of itfu %«/. 
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It will he seen from the above relation that if F is + '•*, the force 
is one of repulsion : but if - '^j then the force is one of attraction. 

The unit jtist defined h tenned the C.G.S. unit of quiintity in 
electro-statics, and is in terms of a system of ulisolute units known as 
the centinietre-gramnie-second (C.G.S.) system, to be dealt with in a 
later chapter. 

Some examples will illustrate the application of the above law : — 

Extunpff 1. — What will be the force exerted between two quanti- 
ties of electricity of magnitudes = i and 1 G iuut« respectively, when 
placed 2 eras, ajmrtl Assuming that a- in the formula is unity, we 
have— 

Note, if both quantities are of the same sign, the force is «>ne of 
repiiUiiiri, indicated by the result being a positive quantity. If one is 
- '''' and the uthci* r "^^ then the fdice will come out - "^ and will be 
one of attmction. 

Ej^iimplf *2.— What i|uantity, whiL-h when placed 4 cms. away from 
a similar and erjnal quantity, will rcqiel it with a force of t dynes? 

Here we have K . ^~d* ^'*^ ^^^** *^^'^' *^^'**'g*^ ^^ e<jual, and 



rr=L 

Hence 

or 



Q-8 iitiits. 



So that each charge must consist of S units of similar sign. 

Example 3. — If two quantities of G and S units of electricity 
respectively repel one another with a force of 12 dynes, what is the 
distatice between them i 
Hej-e 



or 



_U,Q^ 6v8_ 
F ~ 12 

rf=? s,'r=2 cms. 



and <r=\, 



Electric Potential: Difference of Potential — Most of us have 
noticeil at some time or another the arrangement commonly adopted 
for the purpose of driving into the ground t!ie piles employed for 
wharfs and piers^ namely, tlmt uf an engine raising a heavy weight 
t(i a cerbiin height above, and directly over, the top of the 
pile to be ilriven. The weight is then allowed to fall (juicklv. 
imder the action of gravity, on to the end of the pile, the impact 
driving it a cert^iin distance into the ground. 

Now when the engine has raised the weight tu the top, this 
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weight will possess a certain amount of Ittttut or jtolential cntrgy by 
recLsoii of its |>nsition or the level to which it has been raised. The 
gain of potential energ}' by the weight is eqnivalenb to the work done 
hj tlie engine on the weight, against the force of gravity. But the 
weight is now able Uj do work at iuiy insumt, and the amount it 
would do in dj*iving the pile, if allowed to fall, is e^fual to that expended 
br the engine in raising it.. If it were raised to a higher level more Murk 
would be done, but its potential energy would be gre^iter in projior- 
lion. Thus we see that level corresponds to potential and to capacity 
for doing work, and that some work must be done before weight has 
any potential. Strictly analogous with the above is the theory of 
electric potejitial, .ts it is termed ; for if a IwmIv is charged with elec- 
tricity, it is sitid to have a certain potential, by reason of its charge, 
relatively, of course, to surrounding objects, just as the above weight 
potential by reason of its level. Moreover, the charged body is 
ipible of doing work ; for, If connected by a conducting path to some 
other object, a ipmntity of its charge will flow away from it along the 
piith, and in so doing will [)erform work. 

Hence the electric potential of a body is its degree of electrilica- 
tioD, and is its capacity for doing work; and, further, one that is 
charged to t^vice the potential can do twice lh<* amount of work, in 
the same way that the weight, if raised to twice thu height, is capable 
of d«»ing twice the work. Now, in the case of the weight, the work 
►no ia propnrtirmal to the {Hffrnut' in kvH of the two positions of 
St of the weight ; otie of these being the top of the pile, and the 
iithcr, perforce, that to which the weight is raised. 

So it is with electricity, the di(fert:nct' of potenfwl being proiwrtional 
to the work it is possible to do. 

Potential of the Earth taken as Zero. — Potential, like many other 
tilings, hag to be measured ri'lalively to some datum line or zero, in 
the same way that heights and de[Jths at any place are measured 
from sea -level, or that temperatures are measured by taking the 
tempeniture of some definite l>ody as zero. In neither of these 
itttlahces do wo infer that no lower temperature than that of melting 
ice {which is taken aa the zero), or that no lower level than the surface 
of the sea, can Ije obtained. On the contrary, wu know quite well 
that much lower points in l>oth cast's can cjiisily be obtjiined. 8uch 
ivnH arc therefore quite arbitrary ; and so it is with the measuro- 
lent of electric jK^teMtial^ for we take the pnU'tdutl of the mrfh as the 
Ltum line and call that znt>^ but it is quite an arbitrary one, a?id, so 
far as being an absolute zero goes, experiment shows beyond doubt 
that ibe earth is always more or less charger!, ami therefore possesses 
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iiial whicli is hy 



means the lowest potential that 
can bo produced. 

The puteritial of a body is therefore the difference of its potential 
from that of the earth, and a qiiaiitity of electricity is always assumed 
to flow from a l)ody at higher potential to one at lower potential 
when the two arc connected by a conducting i>uth ; and if no How 
takes place under these conditions, the hodics are said to be at the 
same potential, wiiich may be zero, very high, or any intermediate 
one. When a ho<ly charged with + ^ electricity is connected with 
the earth, the charge Hows out of the body to earth ; but if the charge 
were - '**, then electricity passes from the earth to the body. Such 
a flow, however, in whichever direction it takes place, in no way 
aftecta the charge or potential of the earth, each of which is so 
enormous as to mako any other charge or potential entirely 
insti^iificant. 

Electrical Induction. — SuppijM* a positiv*"ly charged l>ody I) 
(Fig. 9), such !is, for instance, a glass globe, which is supported on an 

insulating stem S, pro- 
vided with a foot F, and 
which has been niblied 
with a silk pad^ be 
brought near one end 
B of a cylindrically 
sha{>ed undtargrd (xm- 
ilurlor AB which is in 
two halves at the line 
C,"eai.'h Iteing suiJjiort^d 
by an insulating stand 
8 with a foot F. Then 
some curious pheno- 
mena result, which we shall cutjsider somewhat in detail ; the 
principle involved, together with the action that occurs^ being one 
of extreme importancu, ami underlying the action of some well-known 
electrical engineering appliances, In thr first place, although the 
conductor AB, to begin with, was entirely unelectrified, and has neither 
been touched by the + ''* charged body I> nor rubbed, it will now be 
fun rid to be cloctTified at each end, though not in the midtlle. 

The end B nearest D is found to be negatively charged, while 
the other end A is charged with positive electricity ; and further, that 
these two opjwsitc charges are exactly eijual in amount. It is evident 
therefore tliat the -♦- '"'' charge OJi D has the power of iududng a - •* 
charge at B, which it attracts, and a + '^ one at A, which ft ret)els; 



Fki. 9.— BleeiTtyatAtic tnductiott betwMti a Globe nnd Cylinder. 
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that this action, which is called Elednc Induction^ can go on at 
n distance, when the two bodies are separated by air or any other 
lulatiiig substance. 

If D bo removed to a distance from AB, it will show no loss 
of charge, while AB will show no further signs of electrification at 
Itlier end, the two equal induced charges having apimrently neutralised 

another. 

Again, if while D is near to B, as hrst considered, the two halites A 
and B be fiepanited, thf ri A will l>e found to be positively charged and 
B negatively, and each will remain so even though D be removed right 
tway» for now the charges cannot combine to neutralise one another. 

Lastly, if with the conditions ropresented in Fig. 9 the end A, 
or indeed any part of AB, be timched with the tinger for an instant, 
the + ** charge at this end will flow away to earth, and only the end B 
will now appear in be electrified with the op])osite kind of electricity 
to that with which D is charged. The - '*" charge at the end B is 
spoken of as being btmad, becjxuae it is attracted by the presence of the 
,|ieighliouring ^ ^ charge on I), and cannot flow away so long as D is 
icar ft. The + "' charge at A is spoken of as being ym\ because it 
can flow away instantly on a conducting path being provided from any 
pfHfU of the conductor AB. 

The amount of electricity at each end of AB will depend upon that 
on D, the intervening medium, and n[>on the distance between B and 
\ and will increase as the chaige of I> is increased, and as the dis- 
ice diminishes. Evidently, then, for a given charged hotly such as 
1), the limit in the magnitude of the charge at A or B will be when D 
U almost touching B, and then the induced charge will be almost 
equal to the inducing charge. 

Specific Inductive Capacity. — In the preceding instance of electric 
indufrtion, the action took place across an intervening stratum uf in- 
sulating medium, namely, air ; but, as was previously mentioned, it 
could take place when any other insulating medium is employed. It 
bas» however, been conclvisively shown that the ruiture of this medium 
plays a most im|K>rtiuit part in the action and in the facility thus 
offered for tlie inductive electric influence to act throngh it. 

The facility or power jiossessed by any sulistarjcc for allowing the 
inductive action to take place across it it* termed its imhufivt eajHuilij^ 
and the substance itself is termed a diehdrk. 

Air JUid all other gaseous diolei^trics have a small inductive rufjacity, 
and if any other solid insuiating substance had been pliiccd between 
I) and B (Fig. 9) the charge induced at A or B would have been 
for that same distance. 
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All dielectrics are iiecessiirily insultitors, though aiiy iiisuliator may 
tiot he a good dielectric. 

A good dielectric has a high inductive cupacity — for instiince, dense 
flint glass, which is nearly one of the best in this re3i>ect. Gasooua 
dielectrics are the ^orst. 

Now it is evident that the inductive capacity of any medium is a 
specific constant for ihat medium, dei>eiiding in magnitude, i\s we have 
seen, upon that property of the mt'dium which determines the facility 
with which electric force acts thruugh it. This consUiiit is determined 
with reference to Home convenient standard suhstaiice wh(Tse inductive 
capacity ahall be taken as unit}'. The substance chosen is dry air at 
a temperature of C. and 7C0 mm, pressure of mercury. 

Hence the conaUmt expressing the ratio of the magnitude of the 
charge induced at B (Fig. 0), when separated from D by a given 
dielectric, to that induced when air at C. and 760 mm. pressure is 
substituted, everything else being the same, is called the sjKciftc imlncHve 
cnjmciit/ of the given material or dielectric. 

The following table (11.) gives the approximate va!ues of the 
specific inductive capacity of some imfjoruint substances connnordy met 
with in electric engineering work : — 







TABLE 


n 






Stibatan'C^ 


itr IHiUdric. 




Specijit 


• Inductive Capticit{f. 


Dry air at 0^' C. an 


d 760 iiiru. 




I '00 takctt as standard 


Huper (kijowii as hntterskiu 






1-86 


,, (satarated in 


ivshi ui 


Ij 






2-4 


„ (tliitrioe) 










,.^ 


Pitch 










1*85 


Bees Has 










1-86 


Parwlfiu wax 










1-92 to 2 '32 


oil (sp, gr. 


0-28) 








1 98 to 2 32 


ludia-rubber or caoutcbom- 


(pure) 






20 to 2*S 


it ri 


., 


(vulcanised) 




2-8 to 3 1 


Besio (solid) 
fill 










178 to SO 


,, on 
Ebonite 










1-9 to a 15 


Shellac 










2'fl5 lo 3-70 


Svilphur 










2 -24 to :} -8 


Gutta-iiorcbft 










3 30 to 4-9 


Mica 










4 6 to SO 


tilass (onlinary)^ 










About aO 


., (light flint)' 










6 '5 to 6-9 


M (dense „ )' 










7 4 t^ 10-0 



* Tbe %-atue8 given depend ou the density of tbv glaan and on the duration of the 
charge daring teat, the specific inductive opacity lieiag increased with incivase of 
dwusily ond decreased with a shorter duration of charge, lliis, for the value givmt, is 
K'twcen 0"250 and OOuOOS of a second. 



a 



FUNDAMENTAL PHENOMENA 



31 



T.VIILK II.— COHtitlUid 

Subflarux or IHeltdric. Specific Inditd^ive Capaeify, 



PorceUiu 
0/.okerite 
Petroleum oil 
Cel Invert ^liurd grey) 
., red) 
,, black) 
„ (soft red) 
Miconito 
Okonite 

liCQZol 

ColzA uil 

W»ter (150") 

CSlycerine 

Hooper's compound 

White C»*tor oil 

Olive oil 

Ordiuary kerosene 

Neatafoot oil 

T»r 

T urj»entine (common 



Alxjut 43-8 
., 2lb 
:>'02 to2'19 — 

About 1-18 
., 1-45 

.. 1-no 

„ 2-67 

About from 3 to 5 

2*38 
3 07 to 3-14 

About tt'G 
a-1 

3 to 3-r> 
2*22 
8-2 
1-8 
2 23 



It nuiy be not^d in passing tbat at the present day the question 
specific inductive capacity of iiisuluting niaterials is becoming uf 
isiUemble impcjrtance in cmidcciion with w hat are termed elfctriLal 
oililcji. The reason for this we shall, li-iwcvcr, defer stcitiiig iiiitil a 
su1)«cqucrit chapter, when the explanatifHis and terms coimected there- 
with \^ ill be better uiirlcrstnod at that stage than now. 

Induction precedes Attraction. — The foregoing rernarks on in- 
ductive cajiacity will enable us to see how it ii* that an electrified 
b<wly i^ able tu attract one that is not electriHod. Thus tbo funner 
fimt it)diicc8 a charge of opjnmlf sitfn to its own on the nearest portion 
of the noil -elect rifled bo<ly, and a chjirga of the same sign on the 
portiouii farthest away. Noav the charges of like sign n^pcl, but 
tbci»e of unlike aigri attmct, anil since these are closer than the former, 
rtion ensues- 

f, however, the two btjdic^ UHich fiu- an instant, the whok; of one 
the unlike charges of one Inxiy just neutralises an equal charge of 
thr oppasito sign on the (jthcr IkmIv, thereby leaving Ixith liodios 
cLargfd with tlie luimo kind of ulectricity, antl therefore repnlsitui now 
K« persistently (ruU p. 2 1 ). 
From what has already been siiid, the reader sh«mld be in a positn^n 
not tu coufufic the terms comhtdum and imhtdum ; for the former eleai'ly 
implies a transfer oi electricity, while iriduction merely refers to a retr^ 
U^vJiifH of electricity without any trausforenco to or from the botly. 
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Space will not permit of a description of the machines and 
appliances for producing statical electricity, nor of many other 
phenomena connected with this subject. 

The principles enunciated, however, in this chapter arc those 
which mostly concern the electrical engineer, and many of them, it 
will be seen, are required in order to understand the action of many 
practical and widely used appliances, as well as the phenomena of 
capacity and theory of condensers, which will be dealt with in a 
future chapter of this book. 



QUESTIONS ON CHAPTER II 
[Supplement all Ansiocrs with Sketches when possible.^ 

1. Distinguish between conduction and induction with regard to electrified 
bodies. 

2. Give the laws for the mubial action of electrified bo<Ues on one another. 

3. Define the terms inductive capacity, specific inductive capacity, electric 
density. 

4. Two bodies are charged respectively with 5 and 200 units of electricity. 
What will be the distance between them when the force exerted = 10 dynes t 

5. Distinguish between conductors and insulators of electricity, and arrange 
the following substances in order of conductivity— carbon, zinc, glass, and paper. 

6. Find the force with which two charges of 2 and 100 units respectively of 
opposite signs would act when placed 8 urns, apart in air. 

7. Carefully describe what is meant by electric potential and potential difference. 

8. What is the magnitude of the charge whicli, when placed 4 cms. away from 
one of 32 unitst, repels it with a force of 6 dynes ? 

9. Find the density on the surface of a spherical conductor, free from all oatsiJo 
influence, when its radius = 10 cms. and charge = 1000 units. 

10. Explain the real cause of electro-static attraction and repulsion. 
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Introduction to Current Electricity. — In the two preceding: chapters 
on magnetism and ntatictil i'le^tritity iiiariy inifM:)rtiirit priiidples and 
laws have been given» the connection of which with the stntly of electrical 
cTigineoririg may nut strike? the rciitler at this stage, Stu-h principles 

those idrciidy mentioned, together with many others of like nature, 
tough belonging to the pure science of pliyaics, nevertheless fonii the 

U 4iu which the scientific world began to build the electncal engio- 
«*cring industry during the latter half of the past century. 

It wjts not until the possibilities of that subtle agent which wr 
' electricity ' came to be realised as a means of lighting and 
iiission of power that an impetus was given to scientiHc research^ 

king, as we see at the preeent time, in electricity being employed 
for many purposes that ejirlicr lighting means, such as candles, gas, and 
oil, or {Miwcr agent**, such an watei", horsfs, steam, hjid been used for. 

The Electric Current— Its Nature and Direction of Flow. — In the 
foregoing piige« we have only ha<l occasion to apeak of 'electricity' 
Mi nwt, as in the form of a cluiiuje on a body, though mention has bt?en 
ntftdt! of the momentary /au? of electricity when such a body was dis- 

irgcd. In the following pages, however, we shall have occasion to 

ik almofit entirely of a * current of electricity' Ho wing * along or 

through ' A conductor. In one way this expression is an unfortunate 

le, although it is one of universal adoption, Iw^cause the WTjrdb 

fmrri^it and jtow might naturally lead us to imagine that a stream 

of »omc matonal substance was actually passing along the conductor. 

Nothing of the sort can of coui*se be seen, and the outward appearance 

the conductor remains entirely unchanged, whether a so called 
'current of electricity* is flowing in it or not The expression, in 

83 D 
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Other words, is purely a emiteniional one, employed for coDvenietice to 
denote that the conductor and space surrounding it possesses certain 
characteristic properties which it does not usually have. Some authori- 
ties take up a more modern Wew regarding the flow of a current in a 
conductor, namely, that the ether surrounding the conductor, and not 
only the conductor iteelf, is the medium through which the transfer 
takes place. According to this theory the transfer of energy is 
supposed to take place in the form of electro-magnetic waves along 
the path followed by the conductor. The idea, however, is purely 
hypothetical. 

Totally ignorant, as we are, of the nature of electricity, and of 
whether there is anything in motion or not in a conductor said to be 
carrying a eurrentj we are equally at a loss to know in which direction 
such a flow, if it actually exists, takes place. All we know in connec- 
tion with the direction of flow is that the properties and effects 
exhibited have a definite sense or direction of action when the current 
is said to be flowing in one direction along a conductor, and an exactly 
opposite sense or direction wljcn the current is said to l>e flowing in 
the other direction. 

Thus the ditrdion of flmc is also entirely amwidional^ and when we 
nay that the flow takes place from a point of high potential to one of 
low potential, which is univei-suliy taken to be the case, we are making 
a pure assumption. 

At the same time the reiider must not go away with the idea that 
the assumptions of electricity being capable of flowing in the form of 
a currenf and also of flowing in a certain direction are unjustrHable, 
Imagine the lower half of a very light paddle-wheel to lie inserted in 
a hole cut in the side of a pipe, and free to rotate. On blowing air 
through the pipe in one direction the wheel will turn, whereas by 
blowing in the opposite direction the wheel would turn in the reverse 
sense to what it did before. 

Here evidently we have a very analogous case to electricity — the 
current of air which cannot be seen, and which does not in any way 
alter the appearance of the pijte, naturally flows from the end at highest 
pressure, prwlueing an efl*ect {i.e. rotiition of the w^heel) in a cejtain 
sense or dii-ection. If the current of air is revei-sed in direction, it m 
equally invisible, but proiluccs opposite off'ects (i.e, rotjition of the 
wheel in the opposite ^lirection). Moreover, the current of air, like 
one of electricity, would have no existence aput from its conducting 
path ; but the analogy, like many others, must not be pressed too far, 
for in the case of the air we know that miitter in motion is being 
dealt with, although invisible. 
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mse^uently the terras 'current' and ^diredioti nf floti\' when 
)lie<1 to electricity, are purely conventional terms, which rjuite 
natumliy suggest themselves to us for Lonvonience io speaking about 
the suhjecL Now in the vanous hrnnches of the electrical engineering 
industry, as for instance telc*(raphy, telephony, electric lighting, electric 
traction, electro plating, -tyi>ing, and -refining of meUds, etc., it is this 
electric current which is employe*!. Hence to understjind the working 
the many electrical appliances and phenomena met with in these 
branchefi, and, further, to be able to advance any one or more of these 
branches by new improvcmenta and inventions, it is absolutely necessary 
ta acquire a sound knowledge of the scientific basis of the j^infcssion 
— in other words, a sound knowledge of the laws, properties, and 
methods of measurement of the socjdled electric current. 

Properties or EfTects produced by an Electric Current. — It 
has iilr«ady been mentioned that a cuirent of electricity has no exisL- 
cnoe apart from the conductor in which it is said to be flowing, and, 
furthermore, that nothing can be seen of it. We may therefore prefer- 
ably say that a conductor carrying a current exhibits such and such 
|jro(>erties, or protluces certain characteristic etiects. It is conse- 
qaently by these only that we are able to measure and deal with it. 
The effect* in (question are ti\'c in nund)cr, as follows: — 

Tkt Mngnttir Ejfecl, which is invariably prwiuced when a cui-rent 
flows in any circuit whatjsoever. In virtue of this a magnetic field 
{ride p. fi), consisting of lines of magnetic force, is created around the 
circuity and acta magnetically on any body in the vicinity. This 
property of a conductor conveying a current in thus apjiarently be- 
coming what is termtnl an electromagnet is made use of in a great 
number of different appliances employed in the electrical engineering 
itidaiitry, such a;s dynamos, motors, transformers, electric bells, tele- 
phoo^a, etc. — in fact, in all appliances contairnng an electro-magnet. 

The Ilraiinfj Kffrcit which is always present whenever a current, 
however amall, flows in a circuit. This propert}^ is miwle use of in 
electric lighting by both arc and glow lamps, electric heating and 
cooking, and for many other puiposes. 

Thr Chemical Effnct^ which is profluced whenever a unidirectional 
current fio^vs through a circuit comfiosed partly or wholly of a li^piid. 
This liquid is decomposed into its constituent pirts, which appear one 
at cither point where the current enters and leaves the liquid. 

This property of an electric current is marJc use of in primary and 

►ndary cells, electro-plating, electro-typing, and rcKning of metals, etc. 

Tht Physiohgical Effectj which is produced when an electric 

jnt flow* through any part of the human or animal frame. The 
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reaiilt may be either n temporary or permanent paralysis of the nerve;* 
and muscles, depend ir»g on the strength of the current passing. Thii> 
property is made use of in several branches of medical scicfice for 
curing difl'ereiit ailments, and is becoming more and more popular 
every year for sucb purposes. 

The liufsiad Kjfeds.— These comprise such phenomena as electri 
osmose, distillation, and electro-capillarj- action, about which compara- 
tively little is knowTi. 

Application of the Effects. — It will now be seen that the only 
possible way of utilising the agent which wo are pleased to cal! 
' electricity * is by means of the ett'ects which it produces, and it is on 
these alone that the very existence of the electrical engineering industry 
depends. It will, moreover, be equally obvious that we are entirely 
dependent on these effects for the ways and means of all measurements, 
connected with electricity, and of other conditions or qualities pertain- 
ing to electrical circuits. 

Before considering more in detail the practical applications of 
foregoing effects to the heavier appliances^ it will be necessiiry to 
how they can be applied in the cuse of systems of measurement. 

W'c here come to a real source of difficulfcy, and one that has been 
keenly felt in the ]jast, namely, which of the five effects mentioned 
above can best be employed for meiisuring a current. A little retiection 
will make it clear that, whichever effect is chosen, it ought to be one 
that is dirfctlff projiortional to the current producing it> irrespective of 
the size, h^liapc, and make of the particular a[>plianco chosen to exhibit 
the effect. 

To commence with^ only tlie magnetiCf heaiintjy and dnemiud effects 
have to be considered at all. 

In the case of the magnetic effect experiment shows that this 
effect is not directly proportional to the current in every instance^ and» 
further, that the sixe, shain', anrl make of precisely the same type of 
measuring appliances cause any tw«> to indicate to a different degree. 

In the case of the heating effect the difficulty is similar, but to 
even a worse extent, and is further augmented by the fact that the 
amount of heat produced by a cunent can only he measured indirectly 
by rise of tem|ierature, to which it is not directly firoportional owing 
to loss of heat by radiation, convection, and conduction. 

With the chemical effect, however, the case is different, and w^' 
will therefore consider it more in detail. It has already been stated 
that when a unidirectional current passes through a lifiuid, this latter 
ia split up into its constituent parts. This, however, does not happen 
in the ciiso of all liquid suhst^inces, for some scarcely conduct at all. 
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oiiiers conduct but are not acted on by the passagi* of ilie Liuieiit 
through ihem. Liiiiud substances such as water, sululiuns of nieUUic 
aalu, dUule acids, etc., which are decomposed by the passage of a 
current through them, are termed electro! i/mible substances or eledrobjtes^ 
And the action thus taking place eledrohph. 

The vessel in which this action goes on is called an electrolytic cell, 
or very often a voltameter, and the ends of the metallic circuit, usually 
in the form of plates, whether Hat or eylindriial, are termed the 
:trotles of the cell. 

Further, the eloctrixle at which the current enters is called the 
ttnodf^ and that by which it leaves is called the ait/fmlf. 

Now the above terms are applied to all kinds of voltameters, as, for 
instance, — rt/pjjfr tMimetn^ consisting of two copper plates or electrodes 
tltpping into an electrolyte or solution of coppei' suljfbate ; or sittrr 
Ktitiiui^teis, consisting of two silver electrodes separated by a soh»tinn of 
silver nitrate ; or mij-cd t/ns volifimtitrs^ consistiDij usually of platinum 
filates dipping into acididatcd water, etc. 

Electro^Chemical Action in Voltameters. — ^The volumeter as an 
jilectricjtl apjiliance, together witli the action that t4ike8 pluce in it, ia 
important, that we must consider one or two of the most important 
kinds. These are the n/ppfv and silver forms. 

In the copper voltj\meter, comprising two copper electroilus ira- 
mersed in a solution of copper su]i)hat«, otherwise known as Wiw ritriul 
and having the chemical symbol CuSO^, the copper (Cu) of tlie anode 
diwolves in the solution at precisely the same rate as that id the 
Holution is deposited on the cathode on passing a current through it. 
H, however, the electrodes are made of platinum (w^hich cannot dis- 
_«olve) instead of copper, the current deposits the copper (Cy) of the 
[tition in the form of a film on the surface of the cathode, lilieratee 
oxygen gfts (< )) from the anode, and forms sulphnric acid (II.^SO^) in the 
»r>lution. In chemical language, the changes which occur are as 
follows •— 

i uSO, + 1 1,0 = Cu -t H.jSO< + O 

— ori»fKt s^ilphnft and wafer iKfcomc ctypprr m\A fndphurk arid and oxijgrn. 
Thus the solution loses metidlic copper and acquires sulphuric acid. Now 
if several voltametcre of the mme type (>,^. copper) but of different sizes, 
the reji|^ctive plates being at <lifferent distiinces apart atjd of a \ariety 
ui sizes, be connecte<l up in rlifferent parts of a circuit through which 
trreiit is sent, it m\\ be found that precisely the same amount of 
)T 18 deposited on the cathode of each cell in the same time. If 
ih^y had been silver voltameters, then the same (juantity of silver 
wuuhl be de|K>sit«d, and 8o on. Further, this woidd be exactly the 
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case if the voltametci-s were comiectcd end tm to one another insteail 
of lit difleretit points. We therefore conclude that hiik current and the 
twwunf of chrmical ftcHon produced hy it is the same at all parts of n cirmil 
at nvtj tine Instatif. 

Moreover it can be showu tluit — th^ amount of chemical decomposi- 
iioti taking place in muj kind of voUamcler due to any current strength i.'i 
directhj proportional h the ,4rength of this current^ i.e. ten times the 
strength of current will produce jiist ten times the amount of decom- 
position in the a*ime time. This is known as Faraday's Law of 
electrolysis. From the foregoing consideratioria it is evident that a 
current of electricity can best be specificil or defined Vjy it« chemical 
effect, fur we have seen that within wide limits the jmrticular con- 
struction of the same type of voltiimcter has no effect on the amount 
of decomposition. This was not so with the magnetic and heating 
effects, since in the case of these every detail of construction must bo 
carefnlly specified in order to specify the strength of a current. 

Practical Unit of Current. — We are now in a position to under- 
stand ttie full nicanin;^ of smy dchnition of a unit of cutTent which 
may be based on the chemical effects of a current. It will be evident 
that a unit of this kind is a necessity for the pui'pose of enabUng the 
electric current to be dealt with at all, and in addition to enable any 
particular strength of current to be sp<jken of or compared with any 
other. jLiat as in the case of a system of reservoirs supplying water 
to a town a practical unit must be adopted^ such as the gidlott, to 
enable the volume of water to be spoken of or to enable it to be said 
that the supply through one pipe is so many times larger than that 
through iinother. 

Now it 13 imperative for the uiut, in terms of which electric current 
is dealt with, to be recognised by all the electricians and scientists of 
the woi'ld, so that any appliance made in a itarticular country may Ije 
available for use in any other country, and, further, that the research 
by different experimenters Ijoth at home and abroad may be of 
universal application. 

7%f pruftiod itud of t'kf:irir current adopted by scientists and 
electricians throughout the world w that cunenf u'kirJt deposiia 0*001 1 180 
gramme or O'dlTi.'i.S grain of siJrer per second on one of the plates of o 
silver roltametir rontaining a neuhvf sohdion^ niMtut 15 ^ hg neight of which 
etmsisU of crgiftals of pure silrer nilratf dismdvcd in water. 

This unit is termed an am/nre, and though universally recugnist'd 
it hjLs not been legally defined by CJovernment in the same way that 
many other units, such m those of length, mass, etc., have been. 

The ampere, however, is inconveniently large for some [)urposes ; 
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I pie, reckoning the currents employed in telegraphy, which 

tften do not exceed 0*003 of its value ; while for other purposes it is 

small, as with the heavy currents used in electric lighting, traction, 

relding, etc., wliich amount to thousands of amperes. Consetiuently 

has been found convenient to nominate sub-multiples and multiples 

the ampere^ which are called — 

A milH'ampeir„ meaning iViiT^^th part of an ampere. 
A hil<>-(tmj)fre, „ 1000 amperes. 

Practical Unit of Electrical Quantity. — When a current of elec- 
tricity Hows thi'ough a conductor or circuit for a certain time, a certain 
qtiAntity of electricity will have passed through it, in much the same 
way that when water Hows through a pipe for a given time a certain 
quantity will have pissed thrtnigh the pii>e ; being mindful, however, 
that in dmwing this analogy we are dealing with a material subsUmce 
in motion, whereiis with a current of electricity wo are not sure what 
we are dealing with. 

77w ttfiU of electric qwuditit is defined as thr quaniitf/ of eledrkiti/ 
whidi flim-a m one second past ant/ pinnt of a circuit that is camfiuff 01*^^^ 
re, and is called a amhmb. 

A coulomb is therefore an ampere per second, or, as it is more 
bri<?fly stated, an ampere-second. Expressing this in symbols, we 

have 

Q = A , ^ 

where Q is t!ie tpiantity of electricity in cmdomhs, 
A is the current strength in amjmrs, 
id / is the time in sccotnh diu'ing which A has been flowing. 
Thus, if 21) amperes flow for 'j minutes in a circuit, the quantity 
of electricity which has passctl is 



Similarly, 



Q = A/ = 20 X (5 X 60) = 6000 coulombs. 
1 aiiHM.'ie'hotir=l X (60 X 60) = 3600 cotilombs. 

Now this relation can equally well be written in the form 

and hence we see that when a quantity of electricity flows through a 
eoiiductor at the rate (»f 1 coulomb per second, the cun-ent strength 
tii 1 am|)ere. 

O 3600 
Thus 3600 coulomba per hour = y = ^ — — = 1 ampere, 

Qf fi ,, ,, iecond = 5 amperes. 

80 on. 
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In practice, the flow of a current and qtiaotity of electricity may 
he either fmistunt or momejitaty (transient, as it is often termed). In 
the former case the tot^il quantity is easily obtained as above, since 
the current has one definite constant value for a definite period. 

In the latter case the current commences at a small value, rises 
quickly to its maximum value, and then dies out, all in a ver}^ short 
time. 

If in this case we divided the short interval of time taken for the 
whole discharge or chiirge into a large number of much smaller 
intervals, the total quantity of electricity in the transient current 
thus flowing would erjual the sum of all the products of these tiny 
intervals and the current strength at e^ch ; or, in the language of the 
integral ciilculus, we have in such a case 



Q=f 



A . dt, 

where dt is one of these tiny intervals of time. There ai*e instru- 
ments for effecting such mea^uicnienU as these, called ballistic 
galvanometers, which will be considered later on. 

In the case of a steady flow, especially if the current is at all large, 
the quantity, if reckoned in coulombs, wauld give inconveniently large 
figui'cs to deal with. In stich cases the amjfar-hovr is taken as the 
tinit, and we have just seen that this is equivalent to 3600 coulombs. 

W ith transient fiows, where the quantity is usually small, a sub- 
multipks of the coulomb, numuly, the micro- coulomb, is used, the 
relation of the two to one another being as follows : — 



] ntitpo-coulomb: 



lOOOOOO 



= 10-' coulomb. 



I 



Electro-Chemical Equivalent. — This is a number expressing the 

weight of any element, in gmmmes, separated or deposited in an 
electrolytic cell by the pissage of 1 ampere for 1 second. For 
instance, it was (jointed out on jwige 38 that, by extremely careful 
experiment, it has been found that (VOOlllSO gramme of silver is 
deposited l>y on© coulomb. Hence this number O'OOlllSO is called 
the dedro-chcmicai etpdmleni of silver. 

Similarly, 0000010380 is the electro -chemical equivalent of 
hydrogen, because one coulomb of electricity in p^^ssing through a 
water voltameter liberates or separates 0*000010380 gramme of 
hydrogen. 

Now there is a simple connection between this value for hydrogen 
anci that for silver or any other element which depends on what is 
called the 'chemical i^quivalent ' of such elements. 
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Ii U well known that tydrogen is tbe lightest substance in exist- 
ence, and the weight of an <ifom of hydrogen is inUcn as the imit in 
which to represent the weight of those of all other substances. 

Thns the ttfomic rctiyhl of hydrogen is denoted by 1, while that of 
fiUver is 107 "7, meaning that an atom of silver is 107'7 times heavier 
than one of hydrogen. 

Further, in chemical dissociations 4»nd combinations one atom of 
other substances is, in some cases, worth 2, 3, and 4 atoms of 
hydrogen. Thus, while 1 atom of silver is capable of replacing 
1 of hy<lrogen, 1 atom of gold replaces and is w^orth 3 atoms of 
hydrogen. 

These numbers — 1 in the ctise of silver and 3 in the case uf gold 
— are the ' valencies ' of those elements ; or, in other words, the 
' replacing capability ' of an atom of any substance in terms of atoms 
of hydrogen is called its * valency ^ whence th<» chemical cfjuiinfeTtt (Ce) of 
Any eubetance = atomic weight («') -^ valency ( r), or in symbols — 



If, now, Zu stands for the electro-chemicnl equivalent of hydrogen, 
id Z f''« n. it of m\y other substance, 



icn 



z=c.z„ = ^.z. 



0'«>oooioa8, 



As an example, find the electro-chomicid equivalent of zinc, 
the atomic weight of zinc = 64 '88, 
and the valency „ =2 



Z = 0'0OOO1038 X -=000001038 x ^*P 



0003367 



or 0*0003367 gramme of zinc is defKisited by 1 coulomb. Since 
I anipcrc-hour is equivalent to 1 x 60 > 60 = 3fj00 coulombs where 
I hour \n e(|uivalent to 3600 seconds, the weight of any wulwtance 
»p<»8ited by 1 ampere in I hour = 3000 < Z grammes. So that if A 
iperes flow through an electrolyte for / seconds, the weight of 
niement liY>eratcd 

W - A . Z . t ^(reinmeiL 

lis 'iM a most imiwrtant relation, for it fnrms a means of mensiiring 
curreDt in amjieres when the w^eight of deposit and the time aro 
known. 



TllIM 



A=< 



W 



where W is in grammes and f in seconds. 
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A few examplea will familiarise the student with these two 
relations. 

Example L — Wlut weight of zinc will be deposited in a zinc 
voltameter by a current of 10 amperes Howing for 2h hours ( 

Taking the electro-chemical equivalent of zinc to be 0*0003367, 
we have the weight deposited— 



W^A,Z./. = 10xO OOOSSrt- X (2i v 60 x 60) 
= 10 X 0-0003307 X itOOOO = 303*03 gramniea, 



or about 



308 03 
453-6 



= 0-6fi or»U«. (avoir.). 



Example 2.- Find the current that would deposit 336*7 grammes 
of zinc on one of the plates of a zinc voltameter in 5 houi-s. 
Here we have the current A given by the relation 



A = 



W 
Z.t' 



substituting 



^^ 336-7 



__^ 1000000 
00(103367 X (5 X 60 X 60)~ 15000 



= 66*66 am litres. 



be 



Kxnmjile 3. — In what time will 111'8 grammes of eilver 
deposited iti a silver voltameter by a current of 100 amperes I 

Taking the eleetro-cheraical equivalent of silver (Table III.) as 
O'OOlllSO, we have the time taken — 



/ = 



U«>0 sec'ouds. 



Ills 

AZ 'oom^* 100 
or lO'GtJ minutes. 

The fullowirig table gives the atomic weight, valency, chemical 
and electrochemical equivalents of several elements commonly met 
with in practice, together with the weight in grammes deposited per 
hour by 1 ampere, and the best current density to employ on the 
electrodes immersed in the electrolytic bath. 

In conuection with this it should bo remembered that irregular 
and imperfect deposits are produced by either tO(( weak or too strong 
a current^ and in the latter case some of the deposit does not adhere 
to the cathode at all. 
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Hrilrogvii . 
Siltrrr 
Alrniiiuium 
Copper icupric) . 
I, cuprous) 
OoW . 
Iron (ferric) 
,, ^fcrroun) . 

Nickel 
Zinc 



31 

§0D 



i> 



H 

Ag 

Al 

Cu 

Cu 

Au 

Fe 

Fe 

?h 

Ni 

Zn 

Pt 

Sii 

Sn 



CI 



1 
3 
2 
1 
3 
3 
2 
2 
2 
2 
4 and 2 
4 
2 
2 
1 



AUrniU; 
Weight. 



1 

107-7 

27 

6318 
63 18 

197 
65*88 

5:»-88 

206-I 
58 
64-88 

118 
118 

35-87 



Chftmilail 

Bi)ulv»l«itt, 



1 O'OOToioas 

1077 0-0011180 

O'OOMMl? 
31-59 00003^79 

63-18 0-0(}06:>f.S 

«5'66 0-0O067.SI 

18 627 0-0001934 

27 •«4 O'oooainio 

103-2 0-001071 

29 0-0003054 

32-44 0*0003367 

48*7aml»7'5, O*0O04i>8H 



5^ . i^ 

.= a t — a 



a lit I 



0-0373t>8 
4 Oif.O 
0-33,'ri 
1 -1832 
2 -3(165 
2*4411 
0-6957 
1 -0436 
3-8570 
1 0993 
1-2113 



1. 1^1^ 

fulfil 



500 to 200 

I 100 to 50 
iibont 1000 
I 500 

500 to 66 
330 to 160 



29-5 
59 

7*98 
S5-37 



0-0003054 
0*0006108 
0*0M082a 
0-au0867 



1 6508 


I -09&4 


2-1P8S 


0-28808 


1-3212 



It will be noticed tbat of all the substances mentioned in the 
preceiiing table, silver takes the leail in the rapidity with which it is 
fepanit^, whilst of the remaining metals alnminimn is the slowi^st* 

On [lage 37 it was m<?ntioiiod that exaL-tly the same weight of 
element, for example zinc, is deposited in each of a series of zinc 
voltameters connected up in ditfereot parts of the same circuit irrespec- 
tive of size and shape. If, however, the electrolytic cells were 
different, iis, for instance, consisting of copper, xinc, silver, and platinum 
electrodes dipjnng into solutions of copper sulphate, zinc sulphate, 
*ilver nitrate^ and acidulalcfl water respectively, then, independent of 
whether the cells weie of the same or different sizes, the weights of 
copper, zinc, silver, and hydrofjien separated will TU)t he equal, but will 
be in rifftiiknibf fifuirnlrnl {piantities. 

Electrical Resistance — The Practical Unit. — We have already 
liad occasiiin lo refer to the obstruction or * rfsislance ^ whiclj certain 
substances otFer to the i)assiigo of electricity along or through them. 

This resistance varies with the nature of the auhstanco, being 
extremely high for some and very little for others ; but whatever the 
MubatJince and its resistance may be, the current that it will carry 
depends on the magnitude of the pressure. In fact, the limit to the 
current which any conductor can carry is the point at which the 
conductor is fused in two, anil this in turn depends an the available 
proBsure. •We have a striking analogy to this in the case of a water- 
pipe tttpplietl by a cistern, in so far that the How depends on the 



44 



ELECTRICAL ENGINEERING 



CHAP 



magnitnile of the pressure or ' head ' of Wtiter as it is termed, i.r. on 
the height of the surface of the water in the cistern a>>ove the outlet 
of the pipe below it. The How will be much more rapid as the 
pressure or hmd of water is increased, and the limit to the amount of 
How \v\\\ take place when the pressure becomes so great as to burst 
the pipe. 

It will be e\'ident, therefore, Lhut resistance cannot lie measured 
by iionaiderations of cuiTcnt strength alone, and we shall see presently 
that the pressure must be taken into account as well. 

Fur the present, howeverj we must bo content with corisidering 
the unit in terms of which resistances are measured or compared ; for, 
like almost everything else, some convenient unit must be ^wiopted. 
It is, moreover, essential that it should be of such a nature as to be 
easily and aecuratcsly reproduced. In the past there have been sevei'al 
units of resistance in this country and on the Continent, which fact 
has led to a good de;d of confusion, since electrical apimratu.s made in 
one country is often used in another. For the first time, in 1863, a 
unit of resistance was evaluatetl and define*!, after a vast amount of 
research, by a Committee of the British Association in LoTnlon, in 
terms of a relodtt/ as obtained with a coil of known dimensions 
rotating in a known magnetic field at known speed. This was t\'dled 
a * Ii,J.' ttidi of irsL^tauct: and its value given as 1,000,000,000 cma. 
p€r second. 

Home tifteon years later doubts arose as to whether this determina- 
tion was correct, aricl it was realised that such a standard was incon- 
venient for reproduction. Further, that instead of employing lengths 
of German silver wire ;is practical standards, cjirefully standardised 
by comparison with this rotating coil, the itlea originally suggested by 
Siemens should be adopted, namely,, that of defining the unit as the 
resistance of a cerUiiii length of pure mercury of given cross section at 
a certain temperatiue. 

It was therefore decided in 1881 that the Avholc determination 
shouhl be repeat4i(l, which was done extremely carefully, and in 1884 
the International Electrical Congress at l*ans decided that the standard 
legal unit of resiat^ince should be that of a column of pure mercury 
which should have the same resistance as the carefully redetermined 
value of the B.A. unit. This column they decided sliouhl be 10*3 cms, 
long» 1 sfp mm. in area at C. ; the decimal of a cm. which should Ihp 
added to the 10<i to make the length accurate being otuitte<3 pending 
further research. This unit is called the Park Ifffo! ohm. Finally, 
it was decided (in 1892), after extremely careful and painstaking 
research with more carefuUy constructed and elaliorate apjMiratus and 
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mrtho4i8f of which that due to Ijfrenz ^ stands in the fii^t rank, that 
thf legal unit of resistance is that offered to a direct cuirejit between tlie 
tjitemr en/is of a column of jyure Tncrrurif 106*3 cenlimdres hmy^ I sqwire 
miHtmrtre in cross se4:ii(rnal area throtiffhoid^ uei'jhinf/ 14'4521 tTrammes, at 
-r Uwfteralure of melting ice, or 0" C. This is the legal unit of resistance, 
of international jwloption at the present day, and i^^ variously termed 
an * r>/<m,' * legal ohm,' * fttftmtard t»//«</ or * Btttud of Trade tnte vhrn ' (often 
abbreviated to B.O.T. ohm). It may be mentimied that the mean 
of the results obtaineil for the length of cohmiii, 1 sr|. mm. in section 
at C, by several eminent experimenters is actuully 100243 ems. ; 
but the value stated previously, namely, 106*3, is defined by * Order 
in Council,' and has been agieed to by the Governments of Great 
Britain, France, Germany, and the United States. 

Moreover, there is every reason to suppose that it is an extremely 
close approximation to a velru-ity of 10" or 1,000,000,000 ems. ])er 
tecoDd, and it is highly improbitble that any other vahie will be 
asaigned to it, Tlie small Greek letter m is often used as an abbrevia- 
tion or symbol for the word ohm. Thus 100 tu means 100 ohms. 
Since even at the present day we are constantly coming across and 
using earlier resistances which were naturallj^ standardised in terras 
of the B.iL unit, while all those made tiow are in terms of the B.O.T. 
true ohiu, it is important to note the relntiou, in order that one can 
Bssiljr be converted into the other, Thi» is as follows :— 

I HA. iiuit or obm=0'98«W H.Q.T, or true oliiu (tlie inlenaalioual unit). 
I B.O.T. or true ohm = l-013.>» U.A. unit or olmi. 
1 faria legftl ohnt = l 01071 B.A. ohm. 

In some cases the ohm is found to be an inconveniently small unit 
reitstance, iii others far too Uirge* To meet this objection the pro- 
and meg- are often used with it to denote a millionth |mi*t 
million. 

Tllli nielboil cotiMMts iu miising u lui-lul ilisu :ilH>ut 12" in diameter smd f''^* 
tbkli« iMt«»>l or » doiitnl coil, tu rotate At a uniform af>ei!d in « magn*)tic fieUl pro- 
4oom\ by ft roil of tiwaiatc-U wire -mrroundiniBr it and eoncMitrtc witii it. Thj« coil of 
100 or 'iW tan»» may have nti axiul width of some 6", with aa inKrnal diaiueter 
a |t"V — ^-'^r ijjjit, |)|t, cAtemAl di^uttiler of the disc. It ia connected in series with a 
U t tjAitrr> and any convt^nicnt resistaucf to b« nieoaured. Thufl the disc 

eutx \i\v urt'l due to the coil, and the Hp«ed U iwljnslcd *o Hint the E,M,F. induced in 
the UJac brtwrru otnilri' und periphfry just balances tlie fnll of potential between the 
rxtivntiti** of ihtr rv^i.-itiincv. as intlioatC'd t>v a delicati' jj^alvnnometer conneL'ted itp in 
the potential wit«« conniKting dbe And rftiintrince. Then it can easily be Ahowo that 
tlw BeviMancv U = • coostAnt x MpwMi in revolutions per ^ooiid, or = a length iu 
CBBtiin«trMi 7 a Itine^ i.f, a r^lot-ily iu centiiuetrrA per «ecoiid. I'he cobxtant xt, the 
•o*raII«d coeHicient of mutttAl induction l^ctwceu eoil and diAc*, which is ealcMlnted 
trnpn iImi liimrnsionn of the appanitus with the utmod^t care. (/'At/. Mmj, Jan. 1689, 
and /*ro«. Vhy*. .%>(. Nov, l»88.j 
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1 microhm =TTiriFsvtb of an ohm. 
1 megolim = 1,000, 000 ohms. 

The former is used in conjunction with good conductors, the latter in 
the case of insulating substiinces. 

Electrical Conductance ^Practical Unit. — -The electricai con- 
ductance of a conductor or circuit is the quality in virtue of which 
it afiTords facilities to the passage of an electric current. 

Obviously, then,conduct<uice is exactly the opposite, or the reciprocal 
of resiBtance> and it is measured in terms of a unit called the ' MffO' 
Thus I 0)1,0 = ] ohm, 

and 10 mhos = TV ohm, 

or 0"1 mho = 10 ohms. 

This unit of conductance, however, is not very often used. 

Electrical Pressure. — In chapter il p. 26 we have iudicated 
what is meant hy electric jjotential and also potential difference, dniAv- 




WjitjcT-PreHSure AiiJiU>i;ue. 



ing an analogy to aid the explanation. We may now somewhat 
amplify those remarks, and apply them more particularly to the case 
of current circuits. 

It was pointed out on j>age 38 that the current flowing in any 
circuit has the same strength at all points at the siime instant. This, 
however, is not the case with the i>otential, which varies from any 
one point to the next, and is not the same at any two points of a 
circuit lit the same instant. 

The analogy to a water-pipe is helpful in understanding what 
occurs, and a reference to Fig. 10 will make it clearer stilL Let W 
be a water-tank, from the bottom of which is led a pipe connecting 
with a horizontal pipe which is composed of four lengths t^, li, S, V 
of varying cross section or bore. At the junctions of the pipes of 
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different bores a glass stand-tube, open at iti? upper end, is titted, aa at 
K» L, M, N ; and by means of a tap T the end of QRSV can be 
opened or closed to regulate the flow of any liquid. An exit 
or wa»te-pipe E is fixed to the tank W so that tlie supply of water 
through the inlet -pipe Ij maintains a constant level of water in W 
up to O. Some extremely interesting and instructive effects can 
now be obtaine^l, which are strikint^ly analogous to some met with in 
an electric circuit, and these we will consider in some little detail. 

In accordance with a well-known principle in hyth'osUitics, when 
T is shut the water will rise in each sUind-tiibe until the top of each 
column lies in one and the same horizontal straight line ON with 
the surface of water in the tank. But since each tube is open at the 
lop, the height of any column at any time and under any condition 
of flow will represent the pressure of water in the main QV at the 
particular ixnnt where that stand-tube joins it Hence with T shut 
the pressure at all points in QY is uniform, and so long as the level 
of water in W is kept at O this pressure will also be cmnttttnt. Its magni- 
tude 18 represented by the vertical height NP called the ' hm^r of 
water, so that the difference of level at K ami P is the ditterenco 
of pressure l>etween the extreme ends of V(^ very approximately. 

Now let T be turned fully open, then tfie tops of the watej 
colamns will lie in some irregular line, such as OABCP, and the slope 
of the line will represent tho fail nf •prtssiirt in that particular portion 
of VQ. Thus, for instance, the slope of OA is much greater than 
that of AB, indicating that the /ow or Jnll of jfiessure in Q is much 
jp-eater than that in R In other words, foj- a ffitfen flow tJie fall or loss 
of pressurr is pro/tortion^l to th^ crms sedioji of the pipf, It ivill also be 
Qb%'ious that the tofol fall of press^ire or ft^wl is equul lo the sum of the 
im»erul imiividual fulls, and of course it is this which causes the flow 
to take place against the oppositioti offered by the friction of the pii>e. 

If the portion <^>, say, be of uniform bure, the pressure difference 
between its enda» namely^ AK, is directly proportional to the frictional 
nsaiatance of that length Q, i.e. t(» the length. Moreover, the stream 
or quantity of water (in galhms per minnte, s^iy) is exactly the same 
at all points in VQ, though the velocity of the stream in S and Q ^^nll 
!« greater than in the large .sections V and II. 

If, now, instead of the pij*e VQ being of varying cross section it 
waa quite uniform throughout, everything else being the same, then 
when T was fully open the tops of the colnnins of water would all lie 
in the straight line ODEFP, indicatiiig thut the fall of pressure is 
ditecUjr pro|K>rtional to the length of a pipe of uniform bore. Lastly, if 
VQ were still uniform and T [jartl}^ shunt, the slope of the line OP 
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would alter to OGHIJ ami finally become zero, i.e. take the position 
ON on T being completely closed. 

The foregoing effects are extremely analogous to those obuuned 
with ii current uf elecricity in a circuit, us will be observed l*y a 
reference to Fig. 1 L 

Let W be some convenient source of electricitj^ capable of sending 
N M L K n a consUmt current through 

the circuit PH, which is of 
non-uniform cross section as 
shown and corresiKJiids to the 
pipe VQ (Fig. 10). 

A switch (ii& it IS callefH 
T enal)le.s the current to be 
cut off or otherwise, and cor- 
responds to the tap T (Fig. 
10). Now the point H will 
be at a certain pressure or 
poteiiHal (as it is now called) 
represented by HO siiy, which is etjual to PN. 

If T is turned off and no current flows, then it cau be shown that 
all points in Pli are at the siime potential OH, as indicated by the 
line ON being horizontal - antl if T is turned on and a current flows, 
then OH is the same as before, but the potential at V has fallen to 
zero. Consequently the difference of potential between P and H is 
equal to Oil, and this causes the i^ow to tsikc place. We also notice 
that the potential falls here, as in the case of the water, as we proceed 
in the direction of flow, and that it is represented by the irregidar line 
OABCP ; the greater slope of OA than AB showing that the loss or 
fall of potential along Q is greater than along H, which has the greatei 
section. 

Therefore the smaller the cross section the greater the fall % 
potential for the mnm flow or current. 

Since the slopes of diflerent parts of the line OAllCP are propoi- 
tional to the section of the various parts of VQ, the total fall between 
P and H is eifual to the sum of the falls in V, S, K, and Q. 

If PlI were quite utnlorm in section, then the fall of potential will 
\>G given by the straight line OI>EFP, showing thai ft/r a cvndaid curient 
Ute fall or Um of potential isdirtcthj priiportumal to the Urnjth for unifarrn 
cross section. 

This loss or fall of potential Ifctween two points is therefore the 
aarae thing as the potential diflerencc between or across them, and 
which is usually denoted by the letters PL). \K& have already seen 
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when T is open no current flows, and tho (^otentkl is uniform at 
all pomts in PH. Hence an electric current will always flow along a 
conducting path between any two points which are at different 
potentials. 

■ Throughout this work we shall denote the extreme differem-e of 
^kjMlMifa/ or pressure of any t'irciiit by the term elfcho-mntiir fone 
^^^UHbviated commonly to E,.\LF.\ and that between any oiher two 

■ points, which of course must be lower, by poimtial dijfeirufe (P. IK), 
For instance, the miigiiitude of thf poteiitiiil at the + *^ end of tho 

t source VV above zero is the E,M.F. of this source or of the circuit 
(Fig. 1 1 ), but the potential of the + ** abot^ Uie - *' end of W is thi? 
P. Ik of the circuit. 
Though the foregoing analogy is an extremely useful and instruc 
Mve one for explaining the complex phenomena of electric potential, 
there is one discrepancy that shouhl not he lost sight of, which goes to 
show that the analogy must not be pressed too far. It is, that a b«nd 
IB a water-pipe causes a serious increase in the fall of hydraidic 
pressure, whereas no such increase or eftect is pniduccd with the fall 
of electric potential by a bend, however sharp, in an electi*ical circuit 
conveWng a steady continuous current. 

Hu\ing now put before the reader explanations which should 
eiuible him W form a clear conception of the extremely important 
ph<!iiotnena of electric potential, it only remains for us to define the 
it in terras of which it is usually measured. 
Tb« practical unU of pot<utial differnice is called a * iW/,* and may 
ho defined as thit difference of jHttnilial which m\tst br maintami'd at the 
md* ij/« tifcuitof I ohm resUiance in onfer thai n cunent af 1 atfipnc. may 
plus ihnmgh the circuiL 

We shall see presently how the practical units of current, quantity, 
rt^xistance, and pressure aje related inimerically in another system of 
units yet to lie dealt with. Ceil^fn {nactic!il units, howe\er, derived 
from those of current, resistance, and pressure, must now be considered ; 
but before this can be done it will bo desirable to define some common- 
jpUce tiimis employed iit physical science, and which are closely related 
such derived units. 

Matter — ^Mass — Denslty.^Hy nmiter is to be imderstood nnything 
that produces resistance ; and in each of its three possihle forms or 
coQciitioiis — viz. solid, liquid, and gaseous — it offera resistance to the 
of anything else. 
Mas* is the term a])plie<l to the amount of matter contained in any 
ly, and commercially it is always measured l»y weight. In this 
W coiWJtfT the commercial unit of mass is the pound (lb.) avoiidupois ; and 
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when ftpeaking of a pound of aajthing we infer bj the word ^ pound 
a definite quantity of matter^ and that any body having this weight 
will have the same mass^ 

llie ma^ of a body does not depend altogether on its size, but 
abo on the denseness with which \t» molecules are packed, Lc on what, 
is termed it* ti^nsiltf. For instance, there is more matter in a cubic inch 
of iron than in one of cork, though both have the same size precisely. 
This is due Xo the dfnsiiy of iron being many times greater than that 
of cork. Weight being a measure of mass, it would 8e«m that they 
are practically the same thing. This, for reasons to be stated presently, 
is not, however, the case. 

Force. ^ — This is an attribute of mutter, apart from which it cannot 
be said to erist, in just the same way that an electric current has no 
existence apart from the conducting jwith through which it is Bowing, 
From this it will be e\'ident that force, like electricity, can only be 
measured and dealt with by its effects, and these comprise all the 
various phenomena which matter exhibits. The most general of these 
being motion, and as all matter is imbued with a trndenn/ to motion, 
we shall understand by the term forcf! — anythiutj that prrtduces or (*'nd< to 
produce motifm^ or (Juin^e of moiion, in maiter. Thus when anything 
commences to move or stops, or while in motion alters either its 
direction of motion or speed, a force is said to I.mu acting on it. 

Now there are many different kinds of force, such as tjnirilatkni^ 
lu'^ii^ eUdridiy^ cGhfsiotu, mfi^idar, chemical, mfchanical^ mag^nrtiMfuttive^ and 
cledri>-imlive fnrces, and others. Of these the forctt of gravitaftoii is th 
most imp<jrtant, toeing, as it is, ever present in all matter, anil in virtue 
of it all matter tends to fall towards, or, more strictly speaking, is 
attracted towards, the centre of the earth. The oHect of lieat is well 
known in causing forces to act, such as in prcwiucing wind, which in 
turn acts ^rith a certain force. 

Electro-motive force we have seen (p. 49) is the force piwlucing 
or tending to produce a current of electricity. Similarly, magneto- 
motive foix*e (p. l.S3)is the force tending to produce magnetism by 
creating lines of magnetic force. Chemical force may l>e insUiTiced by 
the firing of a gunf the charge of fwwder undergoing chemical change 
resulting in the exhibition of giTat force. The force exerted by an 
engine in drawing a tnick, by reason of the force of expansion of the 
steam on the piston, is an insUince of mechaniwd force ; untl lastly, 
the action of the human or animal frame in moving itself or actuating 
other matter is an example of muscular force. 

A little e<insideration will show us that there is a close connection 
between many of the different kinds of forces ; for instance, the 
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inechanicuJ force exerted Ijy an engine results from the heat iij>iiHed 
to the water in its boilerj while the cheiiiical force present in the 
n of a charge of gas in the cylinder of a gas- or oil-enj;ine 
mechanical force, and is itself the direct result of the effect 
of heat and chemical reaction. 

Returning for a moment to the force uf graviUition, it has liecn 
mentioned that it is ever present in all matter. Wo may now add 
rhat it gives rise to the phenomenon known iui ivcifffif, and that it 
explains the tendency of all bodies, ne^ir the eartli, to fall. Force, 
therefore, being alwa^'s present in the form of weight, weight 
becoineB a convenient stand|K)int or gauge from which to reckon other 
forces ; for inHtnncc, any other force can he estimated by seeing what 
weight Would produce the same ctlect in the same time. 

The u)iU of f (net adopted in this country may be defined as that 
fmtt which ftrtintf fm' 1 second teiU ffive to I pmind of nut/trr a trh>di)f of 
I fmyt per aecnufL 

The iQAgnitude of this unit of force Is .— of a lb., i*'. approxi- 

mstely \ an ounce avoirdiijKjis ; for since I lb. of matter in falling 
freely for 1 second attains a velocit}' of 32*2 feet per second, the 
weight of 1 11k i« etpiivalent to 32 H units of force, i>. to 32*il jMmmhiU, 
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Weight and Mass. — We ha\ o already said that tmm is the term 
to denote the amount of matter in a bo<ly ; and by weight we 
tindcrMtand a certain force of gravitation, which iw found to vary 
inversely with tlie square of the distance from the earth s centre. 

Thi»» then, is sufficient to show us that while a certain body 
tilimyn (K>ssedses tht mine innss, no matter where it is, the weight of it 
will vary with its position. Now the earth being somewhat of the 
thape of a slightly flattened orange, instead of truly spherical, the 
tliatiince from its centre to the surface is greater at the Eqtiator than 
at the Poles, since the Poles are situated at the iiattened jjarts. 
Hence the force of gravity, and consequently the weight, of any given 
body is a little less at tlie Equator than at I he Poles, thougli its mass 
tft pretn'ikely the sitrae at both places. 

Thia small diflerence, however, could only be detected b}^ weighing 
on a delicate spring balance, for the weight of an ordinary oscillating 
balance woidd alter in the s^tme proportion to the body weighed, and 
therefore no diflcrence could be detected. 

Now, velocity being defined as so many feet per second, tlic rak 
of chunge of vciocity^ cailcfl tt>'r,lrnif]t/u, will be represented by so many 
feet per second per second. 

ITie acceleration of bodies falling freely under the action of gravity 
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is approximately 32 2 feet per sec. per sec, which consequently varies 
at different parts of tbe e^irth. This enables us to obtain a more con 
Crete ide^i of the dirference between mass and weight. Thus, let W be 
the weight itf a b«L>dy of mass M, and g the acceleration due to gravity. 

Then W^Mj/. 

Hence the weight of a body will form a true measure of its masa only 
when the force of gravity is constant. 

To take one or two examples : — 

Example 1. — Find the mass of a body whose weight is 321*9 lbs. 
at M place where the acceleration due to gravity is 32'19 feet per sec. 
per 8ec. 

Taking the above relation W^My, 
we have the mass 



„ W 321-9 ,„ 



Exmiiplf 2. — If the mass of a body is 100 where the acceleration 
due to gravit}/ = 981-2 cms. per sec. per sec, what is its weight J 

Here W = Mj?= 100 x 98-12= 98,120 granimeft. 

Momentum. — This is a term which applies only to matter in 
inotioti, and is usiisdly employed to detiot<3 or express the qwiuiity oj 
motion iu n movhig hmiy. 

If M be the mass of a body which is moving with a velocity r, 

then we liavc! that its 

Momentum = Mr. 

The unit of momentum is therefore the tpiantity of motion in a 
unit of muss inoving with unit velocity. Thus we see that if two 
btHlies are moving witli the same velocity, that which has the greater 
mass will have also the greater momentum. For instance, the 
momentum of a tniiii heavily ladened and moving with a certain 
velocity in much greater than the .same tnuii ri/ij)fff, moving with ibt- 
wime velocity. 

Now, since the application of a force is Ti«n;e,>5.sary to change tlie 
moniLMitiuu of a body, the more correct ifffiniiioH <>Ju fvrrj would seem 
to Ik' the mttmejitum gfnnatfd or destrotftd in o fjmu Hmi. 

Vvum tbis we sec that a bofly possesftin^ momejitum has a certain 
amount of energy, in virtue of whiih it is capable of doing work, 

Let us consider an example as illusti-atirig the api»lication of the 
n>)Ove relation. 

Ej^Hitfiih. — Compare the niomentuni of a weij^ht of 100 lbs. moving 
with a velocity of 32*2 ft. per sec. with that of a weight of 1000 lbs. 
moving with a velocity of ?>-'2 ft, per sec. 
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Whence the momentum of the first body 



Mtf 



IQQ 
32-2 



X 32 -2 = 100 imite. 



That of the secoml body 



Ml 



1000 
32-2 



3'2'i; 



1000 



100 utiits. 



Hence the momentutDs are exactly equal. 

Work. — fFheti It furcf tidH on imitter in sucfi a way as io ehfugf either 
tt^ fKisiimn in .ymre or ifs nalme^ work is .<*ji(f 0> he thm. 

Since reewtance always opix>ges motion of matter, it follows thut i\ 
farce producing motion does work against resistance, and in fact is 
nocewary to overcome that resistance. But force does not always 
produce motion in matter and therefore overcome reBistanct% hence it 
#iocs not always do work. Thus an en^ne may exert a very con- 
&idenible force Avjthout moving a train, in which case /«" work is done. 
Immediately the tniin is moved, work is done. 

lu thia country, the jmidiral unit of uutrk i^ ihi' ivurk iloiu wlon a 
f/ctiy ffwrKf throHfjh 1 fovl fttjitinst n m^w/z/H/r of I pound (avoirdupois), 
aad which is called d^ fmA'poHud (ft.db.). 

ThuJR I fudb. of work is done when lib. is liftcid a ilistance of 
1 ft., or generally if a force of (/) lbs. acts through an effective die 
Unco (f/) fu ; or, which is the same thing, if a bo<iy moves through 
d ft Against a resistance H lbs., then 

thi. wciik -lone = fd ft.-lh», = Bd ft. -Ilia., 

the r^yrttc dist^incc iMeing tlnit in the direction of action of the force 
or resistance. 

To cite an example ; — Xn engine draws a train weighing 100 tons 
np a gi'adient of 1 in I OU and 1000 ft. long, what is the work done? 
Here the resisting force i^friction assumed to be negligible) due to 
{gravity seta vertically, therefore the efeditr distance throtigh which 
the force acta = j J^ of 1000 ft. = 10 ft. 



tl»e work t}otu' 



rW^ 100x10 = 1000 ft-.4ou» 

= 2240 X 100 X 10^ '2,240,000 ft.-lljs. 



Again, to take another familiar example : — The fiictional resistance 
tmmdines is usually taken at 40 lbs. i>er ton of tiarucar fully 
loaded. If, therefore, a car weighing 10 tons travels 100 ft., 
the work done = R/?- 10 x 40x100 = 40,000 ft.ll»B. 
From what has already been said, it will be evident that the Jlritish 
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iihsolufc unit of wmk is the uxrrk done hy a foro' of 1 imtH'lul adhnj 
tkrmigh a distance of I Jmty and wki^^h is ttrmed a foot-Pontulal, 



Hence 



1 foot-pounil = ff. foot-|nriuudals, 



ami 1 foot-pountlal is the work done in rttiBing, very approximately, 
half an ounce througb 1 foot. 

Now there iire several diflerent kimh of work depending? on the 
nature of the force (p. 50) acting, namely — mechanical^ electrical, 
thermal, chemical, magnetic, physical, etc. These are related one to 
another by a connected system of lunta, which will !»e considered 
later on ; it should, however, be remembered that whatever may bo 
the nature of the work done, itw equivalent ;ippeiii"s in tlie form of 
heat. 

NoAv we have considered in sutTicient detail work done of a 
mechanical nature. Every one is familiar with the meaninj^ of 
physical work resultitig froni the apfdication of nniscular force in 
overcoming resistance, and of the heating oflect caused by it. 

Chemical work is done when, for instance, sulphuric acid (oil of 
vitriol), having the chemical symbol H.,S()^, is poured into WMter. 
Here chemical diasociation, and afterwards combitiatton, lakes pla*"e. 
restdting in the production of j^reat heat. 

Electrical work is atway-s ilone whenever a current of electricity 
flows through a circuity and the eijuivah^nt of such work makes its 
appearance in the form of heat in the circuit. Often this production 
of heat is so small, as in the ciu^e of the currents employed m tele- 
graphy, etc, that it is ininieasurable with the means so far devised, 
but it occurs notwithstanding. Now it can easily be shown, experi- 
mentally, using suitable apparatus and precautions, that not only is ty 
heat produced in a Mntiuctiiuf rircuifj in a (jivtu time^ proportional to thr 
stpiare of the current slremfth^ l/nt idso to the resistance of that circuit Or, 
if C is the current in amperes and \i the resistance in ohms thnmgh 
which it Hows, then the heat gonerated is proportional to C'*K. 

What is wanted, however, is the actual amount of heat protiuced 
in a given time, and this can ordy be found when we know our unit of 
heat and the number of such units developed Ity unit current Howing 
for unit time through a circuit of unit resistance. 

Now ihe standard unit of hmt universally adopted in scientific 
investigations is dehrted as thr amount of hmt rn^uired to raise I grarnuif 
(15-432 fjraias or 0*00221146 Ik avmrdupois) of watar from 0° C. to V 6V, 
and is variously termed a • rahric/ * theim,^ or * Frenrh thernuit 

Also by extremely careful experiment it has been found that 
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I am{>ere flowing through I ohm for I second generates 0*2390 of 
&ucK a heat unit. 

Hence the actual amount of heat II in heat units or calories pro- 
tiaced by a current of C amperes flowing through R ohms for t secortds is 



H=0 2iiyOC*R/ calories. 



th. 



This U couuuoiily kn*>n(i :is Jonle's Littt^ and the heating effect as 

JouU rftri. 

To cite one or two examples of the application of tho formula : 
Enimpk \. — What heat will he generated by a current of 10 

amperes flowing through a circuit of 5 ohms resistance for 20 seconds ? 

Since H = 0'239C»R/, 

.'. the amount of heat produced is 

n = 0-239 X {10}' X 5 X 20 = 2390 calories. 

Kfamplf 1. — Find what current will produce 239 calories in b 
minut^ii when the resistance is 10 ohnL& 
Transposing the above relation vre have 

H 230 IDOO 



Ca=- 



3000 



= 0-333, 



•a»».K/ -239.10.(5x60) 

. . the current C= V*333 = fl'578 ampere. 

If we employ the lb. ttrid minute instead of the gramme and second 
respectively in defining the unit of heat, i.a. if ive take as (lur unit of 
heat the heat required to raise I lb. (avoir) of water from to 1 ' C, 
then C amperes Howing tlnough K ohms for / mi nut is give 



H 



e0_x0'23fl 
453-596 ^ ^ 



;0'031(iC"K/ lient units. 



1 lb (avoir.) = 453'riOfi grammes and I minute = 60 seconds. 
But J. P. Joule, the fmuider of this l.uv, and sid»sequently a 
numWr of other experimenters, have, by extremely careful and labo- 
rious rettearch, shown that this last-named heat unit, i.f. the heat 
require*! to raise 1 lb. of water from C. to 1 C, is equivalent to 
1400 ft. -lbs. of work. Hence the total work (W) in ft.- lbs. doiit! I«y 
a current of C amperes flowing through R ohms fi>r t minutes is 

W ^ HOO y 0-0316C'^R^ = 14 2(C-I£/ lt..lb». 

As an example : — 

What work will a current of 10 umperes flowing through a circuit 
of 5 ohms resistance do in J of an hour i 



Since 



W = U'24C]{L 



se ELECTRICAL ENGINEERING ihai 

we have the work done 

= 4424. 100 = 442,400 ft. -lbs. 

» Power. — By jmner is Tneant fhr nftf ttf thting imrL\ wliieh clcarlj 
refeis to wurk done in conriettion with time, whereas work itself hi 
no reference to time. It is therefore most iraportaiit to cle^irly dis- 
tin^tiish between piwer^ i.e. rate of doing work, and the iiniount of 
tvork dmif. 

An analogy will make this difference clearer. Thus, suppose a 
certain engine A is able to draw n piuticular train — the /'///// wei*tht 
of whieh^ ineluiliri^ engine, = W^ tons — a distance D feet in lU 
minuteSj the resistance opposing motion being 15 lbs. per ton of tniin ; 
and that another engine B, of the same weight aa A, can draw tlie 
same train ovej' that same disbmce !> against the same resistance per 
ton in 5 tnitmtes. Then B is manifestly more p^twerfiil than A, be- 
cause it can do the journey in half the time. The actual total amount 
of work done is precisely the same in both cases, and = IHWI) 
fL-lbs, ; the ^mrer or rate of working (if. work done per unit of time) 
is not, however, the same in the two cases, being 



f, . 4 total work done 

for engine A = ;— ; 

Total time 



10 



1 bW'Ti ft. -lbs. per minute, 



and foi- engine B^ 



15 WD 



3 WD ft -lbs. per Mmut«, 



which is clearly twice the former result, and this is expressed by saying 
that the pnwcr of B is twice that of A. 

We therefore see that the amount of work Jonr is recLwied in 
ft.-lbs.j and ptmrr or work per unit of time in ft.-Ihs. per wimttc 

Now mechanical power is usually estimated in tei-ms of a unit called 
a ' hurse-poweVt which in this aufl several other countries is t^iken to be 
H rate of working equal to 33,000 ft. -lbs. per mirmte. This, however, is 
undoubtedly greater than the working capal>iHties of au average horse. 

Electrical |M>wer, or rate of working, is measured in terms of a unit 
called a watt, which is defined as the electrical power expended on a 
circuit when I ampere Hows through it at a pressure of 1 volt, or, in 
a eiri:uit of I ohm resistance when 1 ampere Hows through it. 

If, therefore, the work done in an electrical circuit in / minutes is 

W^44 24C«Rift.-lbs.. 

electrical power is being expended on the circuit at the rate of 1 4-24C-1 
ft.-lbs. per minute, whence the electrical horse-power 

E.H.r. = ":25'*=y5 = 000134C=R. 
83000 716 
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Furtiiei. sjrKT it can be shown (p. 65} that C-Il = (.'V, both terms 
representing watts, where V = the pressure in volts at winch the 
cuireiit C amperes flows, 



E-H.R=. 



I4'24C-R 






xiiid this is traCf in all cases, of a steady current flowing through any 
circuit whatsoever, and without reference to what the circuit con- 
sists of. 

Fn)m the above we therefore see that a watt is the electrical power 
dareloped in a circuit when 44*24 ft. Ilts. of work arc done per intnute, 
»ud thai I I1H.I\ = 746 watts. 

Take two or three examples of the application of the itbove 
ralations : — 

Example 1. — What horse-power will be absori>cd in « circuit of 
74*6 obins resistance, through which a current of 10 amperes is passingi 

Since E.H.l'.^^f',^, 

we have HJ\ absorbed in heat=S^J = ^^^^ = 10. 

Kj^tmple 2.^11 74G amperes are flowing through a circuit at the 
t^rtninals of which 100 volts is mainUilfied, what is the \\A\ ubsorbed 
in the circuit ? 
Here 






ExaiHpU 3. — Find the potential tlifference at the terminals of a 
circuit in which 10 H,P. is aliaorbed, when a current of ri7\'? amperes 
passes through it. 
Kince H.P. 



V = 



cv 

7l«J-H.P. 7-iexlO 



= 200 voUb. 



C 87-3 

The unit (j/ tkciriciti umk done in a circuit is tenned » '/f>w/f,* 
v\ hich therefore = 1 watt j)er second. 

1 joules ^J^"^^ rt-lU. =07873 ft.dk 

Energry. — The rnenff/ uf malta' h its jtower of doing itork\ and energy' 
niuiit idways be expended in onicr that work may be done. All 
matter is imbued with energy in one or other of two kinds, called— 
<l) Kinetic Eimgy \ (2) Poh-niud or hUent Enrrrfi/, 

The former is possessed l»y all moving matter, and as an instance 
we may cite the wind <gasef»ns matter) whicii moves (blows) agidnat 
the windmill and so does work in turning it for grinding corn and 
other purposes. 
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Now the kinetic energy of a mass M, whose weight is W, ami 
which 18 moving with a velocity /', can be expressed in terms of this 
i-ate of motion. For h?t */ be the distance travelled at a velocity r, 



then the 
and 

or 



aoceleratitm a 



Wf/= ^Mr*= work doue. 

The term AMt- is the kinetic energy of the mass M. and is the miimlrtjr 
of unit* of work stored up in that mass. 

Piiteniittl mngy is the latent or stored -up energy of a l>ody in 
virtue of its position wljile at rest. The tendency of an elevated body 
to find a lower level is a good example of jioteutial energy ; for so soon 
as the forceK whit:h keep it in jiosition cease to act, its potential 
energy is immediately converted into kinetic energy and the body falls 
to a lower level. 

From the foregoing leniar-ks it will be evident that energy and 
work can be measured in terms of the same kind of unit. 

Eif'ctrkat cuertjii is measured in terms of a unit called a * imtt-fu)tit\^ 
which is ef[ual to the power corresponding to 1 watt acting for 1 
hour. In other words, a watt-hour is the electrical energy ex|>ende<l 
in a circuit carrying 1 ampere at a pressure of 1 volt for 1 hour. 

This utdt is too small for many purposes at the present day, soi 
that for commercial purposes a mueh larger unit is adopted called a 
* kilmmU-hour' or * iJofud of I'nide unit' (B.O.T. unit), and which 
- lOOU watt-hours. 

It is in terms of this B.O.T. unit that the electrical energy supplied 
to consumers is measureil. 

Hence in any circuit carrying a sternly continuous ctirrent, the 
maximum value of which occurs simultaneously with that of the 
pressure at any and every instant, the total electrical energy' supplied 

•mwrcs ■< volte x hours o n n^ -t 
= — IQQO ^■^■^- ^^"1*«- 

Summarising the n^lations which exist between Energy, Power, 
Work, and Force, we have : — 

Energy = Power • Time. 
Power =Work -fTime. 
Work = Foi^e ovt iconic >: DistAnce. 

At this point we may enunciate a most important fundamental 
law of physical science known as the law ^►f the coftservutian of enertiy, 
namely :— 
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1. Energy mn luver be lost m' destroyed, 

2. Each ftrrm of enatjij can he conrerkd inio any other furm^ from 
lich it follows that tho total amount of energy in the universe never 

niters in amount. 

The reader is strongly recommended to commit these propositions 
to memory', and l>y keeping tlicni before him he will be able to 
understand more easily many phenomena met with in electrical 
engineering. 

Absolute System of Measurement. — We have, up to the present, 
been considering a system of meiisurcmcnt based on definitions and 
units which have been chosen quite arbitrarily. This is known as 
the ^ jtnirtiatl ' system. There is, however, another system, closely 
related to the above, which luis the great a«l vantage of being basetl on 
three fumlamental <^uantities or unita only — Ij'ntjth., Mn^, and lime. 
In this system, then, tht3 fundamental unit of letujih is the cfiilimetre 
(cm.) - 0*39370 of an inch, or j^,th of the length of an earth quadmnt. 

Unit of mass is the tp-amme (grm.) = 15 4323 grains, and is the 
ma£s of I cu})ic centimetre of pnre water at its point of maxiranm 
density, namely, 4" C 

Unit of time is the secotid (sec.) = Hnlir**'^ ^^^ '^ sidereal day. The 
wyntam of units derived from those three fundamental stiuidards of 
Irogth, mikss, and time t« often termed an (ih:itdute system, becjiuse it is 
entirely ba^ed on these three ar1>itrary nnits, which are c^ipiblo of 
lieing accurately reproduced at any time, and is in no way dependent 
the value of gravity, on the form of any particular apparatus, or on 
ly other arbitrary <juantity. 

Tho system^ which is universjdly recognised, is usually termed the 
Cmtim^lrf~Granwi*'-Semnd (abbreviated to Cjj,S,) system of nnits, and 
possesses mitny Jidvantiiges over the British Frnt-Pouml-Seanul (F.P.S.) 
ftystem which we have already considered. For instatice, the C.G.8. 
syst4jm is a decimal one ; and, further, the units of length aiid mass are 
directly related by reason of the fact that the weight of 1 cubic 
centiiDctro of pure water at 4 C. = 1 gramme. 

We will now consider the unit« of this absolute C.G.S. system. 

Absolutk C/J.S. Systi-^m 

lental arbitrary units — 

Length : t)ie eentiinetTe (cm.). 
.Ma£s : the gTanime (grm.). 
Timt : the secontt (»ec.), 

tved mechanical units- 
Area : the JMjuare centimetre (stj. cju.). 
Volume : the cubic ttntimctre (e.c). 
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Felocitif. — When a body moves through unit distance in unit time, 
i.e. at the rate of 1 cm. per sec, it is said to have luiit velocity. 

Atcfleration. — Wheu a body acquires or loses unit velocity in unit 
time it has unit acceleration or retardation, respectively, i.''. a rate of 
1 cm. per sec. per sec. The acceleration due to gi-avity, which varies 
slightly with different latitudes, is 978*10 cms. per sec. per sec, or 
32*091 ft. per sec. per sec. at the Equator; these numbiTs liecoming 
respectively 9Hl 17 or 32 191 in London, and Ujh3*I 1 or 32*252 at the 
North Pole. 

Fmce. — U?dt forc^ is that force which, acting for a second on n 
mass of 1 gramme, gives to it a velocity of 1 cm. per sec. This unit is 
termed a (hfnf\ and it is tlicrefore the force with which a weight equal to 
f, Ij of a gramme (approximately) gravitates. It follows therefore that 
a weight of I gi*amme gravitates with a force of 981 dynes appi-oxi- 

981 
roately, or one grain with a force of =63*57 dynes. 

Enerfftf and ll'mk, — These are measured in terras of the same unit, 
since the work which a body is able to do is a measure of its energy. 

The unit of work is that done by a force of 1 dyne acting through 
a distance of 1 cm. and is called an erg. From this deHnition and the 
above it follows that 981 ergs of work arc done when 1 grm. rises 
or falls vertically through a distance of I cm. 

Systems of Electrical Units. — From the foregoing C.G.S. system 

of fundamentJil unit-s twu important systems of electrical imits are 
ilerivcd. One, known as the electro-static system, originates from the 
relation given on p, 25, in connection with the force exerted y>etweeTi 
two quantities of electricity. The other is known as the elwtro- 
magnetic system, and originates from the relation given on page 15, 
in connection with the force exerted between two magnetic polos. 

This latter system, in which the strengths of cun'ents^ etc., are 
expressed in magnetic measure, is evolved from the system of 
magnetic units, which is itself derived from tlie fundamental units of 
length, mass, and time. A detailed rliscussion here of the two 
systems mentioned above is, however, outside the scope of this work» 
and for such the reiuler should refer to, for insfeince, Maclean's 
Pki/smil Ujiits. 

It is important to remember that the electro-magnetic system of 
C.G.S. units is the one which concerns us most in the present case, 
and we may therefore pause to say a few words about it. 

In this system tlie luiits iire determined in the following order : — 
(1) unit pole, (2) cun-ent, (3) quantity, (4) potential difference or 
E.M.F., (5) resistance, (6) capacity. 
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The first-named or unit pole has already been defined on page 15, 
from the relation Foc^^*?- 

2. UnU Current. — The C.G.S. unit of current is obt^iined from 
the following considerations. Let the pole in^ in tho above relation 
he acted on hy a current (C) Howing throngh a circuit, a portion of 
which is bent into the arc of a circle of radius (if), and having m^ at 
the centre. 

Then the current C now acts electro -magnetiL'ally on m^, Uiking 
thtf place of wu; and the al)ove relation still hohls if we put Cl = m^ 
for the magnetic otfect of C will evidently depend on the length of 
arc (l). J^iibstituting, we have 



or 



c= 



!!^. 

mS 



Making F, ct^ m^, and / each unity, we obtain our defiuition for unit 
current as follows : — 

A C.O.S. unit of current is that which exerts a force of 1 dyne on 

rBtnit nuigrietic jwle placed at the centre of an arc of its circuit I cm. 
Big aiid 1 cm. radius. 
P 3. ['ml Quanliiij. — A C.G.S. unit of quantity is that which, in 
one Mcond, is conveyed by this C.G.S. unit of current. 
4. UnU Poiaitiiil Different or E.M.F. — We have already observed 
(p. 55) that when a current C Hows through a circuit under an E.M.F. 
or |>olential difleronco V, a certain amount of work {m) is done per 
Kocond ; or that 
«»c..CV. 
f/onsotpiently a C.G.S. unit of P.I), or E.^LF, is that which exists 
hotwocn any two points of a conductor conveying a unit current, 
when I erg of work is done per second. 

Ik Unit liesitinnce. — A C.(J.S. unit of resistanco is that possessed 
by a conduct^>r in which unit E.M.F. causes unit current to flow. 

6. i'nii CajMtrilf/, — A C.G.S. unit of capacity of a condenser is 
that obtained when unit quantity irt either coating produces unit P.D. 
Wtwccn them. 

Now for practical piu'poses large multiples of the above ttbsolnU 
electro magnetic C.G.S. units have to be taken in some cases, and in 
others small fractions. ITiis is necessitated bv the C.G.S. units of 
HM.F. or rJ>, and resistance being extremely small, as fuund by the 
above dotiriitions, tliat of capacity being e.\tren)ely large, while those 
current and quantity arc a little tt»o largo for practical purposes. 
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Aljout 1863» tlierefore, a select conuiiittee of the British Associa- 
tion chose a pnictical system of units Imsecl on the absolute electro- 
magnetic system, so that the fuiiiiamental laws held equally for both. 
Ill this case, however, the fuudameiital units of length, mfiss, and 
time adopted were 10^ erne, (an earth quadraat), 10'^' gramme, and 
the second in the C.U.f>, system. 

The relation between practical and absolute C.G.S. units in the 
eleotro-nmgnetic system is as follows '. — 

TAHLE IV 





N»m.. or KlectricmJ Unit 
U) Practical System. 


Bi(uhiilpiili of Pntctical 

Unit In EteclnhniagtieUc 

C.O.S. UfilU. 


Current 


Anifiere 


io-» 


<juaiitity 


Coulomb 


io-» 


Potentiiil 


Volt 


10* 


Ki»aistatic« 


Ohm 


10» 


('nfMicity 


FAmd 


io-» 


PowtT 


Wittt 


w 


Work 


Joule 


1(F 


Iiidiir.tioii 


Weber 


W 


SdC- 1 lid net ion 


Secohni 


10* 


MutuAl'Iuiiiictioti 


»> 


10» 



iVo/tf.— The nnmberi In tiro third oolumu of the Ubie »re usuaUj written in this 
form for convenience, bnt it may be remarked that the index in all cams repretenta 
tlu' number or<'i|iliers foUowinjif 1. Thus 10-'= ^'^=1 teiitK 

10» =100.000,000=1 hiiiidii'd milliiiti. 

10'"= immdnfoaT =1 thousand mi Uiontli. 

We shall now briefly indicate the relations that exist between 
Hke various units commonly met with in practice. 

Lkkoth 

1 millimetre = 001 metre = 03937 inch. 
1 centimetre = 10 milUraetrc»= 0*01 ,, = 0-3937 

100 otnli metres ==1000 „ = 1 „ = 39*37 

1 kilometre =1000 metres -39370 

1 inch — 2'54 OQutimetres. 

1 foot = 30-4797 

1 circulftr mil = ai^eA of a circle of one mil ( = 0*001 inch) diameter. 



1 milligramme = 0*001 gramme = 016432 grain, 

1 „ = 15*482 grai«ia = 0-0022046 lb. avoir. 

1 Vilogramme= 1000 gramme* =15,432 „ =2*204 ,, 

1 lb. (avoir.) =463 '596 grammes = 0*45369 kilogiamme. 



FUNDAMENTAL PRINCIPLES 
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Area and ^'on'Mfi 

1 sfjuare oeutiuietrfi — O'tfiS si|uare inch. 

1 ,, inch = 0"451 ,, centimetres. 

1 cubic centimetre — 0*061 cubic inch. 

I ,, inch =16'387 ». centimetres. 

1 Utw = eube of 10 cm. edge=100O cubic ctiib. = 6r027 cubic ina. = r760 piut. 

FnucE 
1 dyne =wciglit,of yj^,.,j gtummr tji Ltiinioii, 
1 poiiiidal = 13,825 dynes. 
1 f>oundal = weight of ^^p^, lb. (avoir.) in London. 

Wqwk and Exbkoy 
1 ft.-lL = 1 -356 X 10' erga= 1 '356 jonle = 0*138 kilogrammctre. 

7-37x10-* „ = 1 M =^0-» „ =]0-» 

0-7373 „ =10' „ = 1 „ = 0102 

7*238 „ =»8'lxl0« „ = 9-81 M = 1 

t foot-pound = (^ foot-poundalfl=13,S25 grammc-cetitimctres. 
1 rooi-ponndal=:421,3»0 cr^s. 

POWBII 

, 13,000 ft.-lbe. i»er iniu. = 550 ft-lbs, per sec. i 

1 U. i*. I ^ 746 joules per sec. = 746 watts. - = 1 E. U. P. 

' = 76 kilogrammetres per aec. = 746 x 10' ergs per sec. ) 
I Froicb H.P. -75 kilogramnietreji per see.. =1*42 ft.-lbs. per sec. - 736 watts = 
0'98d3 Eiigli«U H.P. 
0*7373 ft.4b. per »ec. =10^ or);(a j»ei sac. 
per see. = tJff H.P. 
ilogrammetre per sec. = 0^00134 H J\ 
1 coiniuercial unit of electrical |^iower = l kilowatt = 1000 watt*. 



1 watt 



/ =0*7373 ft.4b. 
I - 1 jonle I 

1=0*1020 kiloma 



EKKttGY 

1 IViftnl of Trade anit of electrical energy = 1 kilowatthyur = 1000 watt-bours: 
1*31 H. P. -hours. 

Hbat and WmKK 

1 i^lorie (French thermal uuit)= 1 gminrne-di-gfree Cent. =4 1S4 joules 
= 4 -1 S4 X 1 0' ergs = 3 OSfi ft. -lbs. 
= 0*003ft«l of a Briti.sb thermal unit. 
1 (.British therrual uuit) = l lb. ilegroe Fah. =251 -p calories. 
= 1000 joules = 1060 X 10^ ergs. 
= 777 "7 ft.-lbH. at Greenwich. 
1 joule ^0*239 calorie. 
= 1 watt i>cr aec. 



QUESTIONS ON CHAITKH Hi 

[SuppUtntnt alt Afistoert teiih Skctchta when jHMtftbte, ] 

I. Enaniemte the properties or elfecta produced by an electric cuiTCiit, and give 
Itiar ii)MtAiice» uf tht; romiiicrcial &{i[ilicalion of eacli. 

2. Deflo'* tJje terms cathode, onode, electrolyte, elect ro-cbcmicul equivalent. 
8. Give tbe definition of the practical (inlta of curreutt resiKtaiice, potential, and 
i|W]itit]r» and also their equivabnts in the C.G.8. system of units. 



64 



ELECTRICAL ENGINEERING 



CHAP. Ill 



4. If 100 coulomba of olectrioity pass tliraugh a (lircujt in 1 uiitiute, wh&t ta the 
cdi'rent strength T 

5. Find the current that will carry 3(l(l0 coiilornha of electricity through a 
circuit ill half an hour. 

t5. Deliiie sin aiiijsere, 10,000 volts, 1 luegohun a kilowatt, 40 Boiitil of Tr 
iinit«, atui 100 horj*e-jxjwer. (iViitinu 1897.) 

7. What is rntniit l>y 'absohitf' units! 

S. Write down the temis Work, ForPf, Power, Quantity jxa headings. aiiJ thou 
an-anpe the ri;inies of tine folloHing utiits each uiidtT ita jiro^ier liea<liiig : — watt, 
kilowatt, ampcie-liour, horse'jmwer, dyne, kilowatt-hour. (Prelim, 1902.) 

9. Dtfinf slioitly oloctro- motive force, resistance, and current. (Prelim. 1902.) 

10. How iimny liorhe-powtr lire rt-qiiired to cliive a dynamo li^'htiii;^ 1200 lam[>», 
each taking f)*a arn|>ere at '200 volts (comhiued cRitjpncy of dyiiaiito and circuit 
90%)? (Fr^lim. IPO'i.) 

11. Wlnit weight of cojipfr will he dcimnited in a copj^r voltameter hy a current 
of 20 ani|>ercs flowing for 1 hour {z for copper = 0003279) I 

12. Find the current that will deposit 5 granunes of silver in a silver vt^ltaiDOter 
in '20 ininnti'8 (: for silver ^000 11180). 

13. "What do you mean by electrical pressure and ])otenti.=il difference T Give 
the unit in terms of whit-h they are Hiea<iured. 

H. In drawiii;* a train vveighiug 200 tons an tiiigiue overLouies a tractive reaiKt- 
ani-e of 1& lbs. [wv ton. If the train travels 10 milcH, what work does the engine do f 

15, In the Inat ((uc-ition, if thu same train travels up an incline of 1 in 300 for a 
distance of 2 miles instead, what wurk is flone, with the same resistance 1 

Iti. If 20 amperes flow tltrougli a circuit of 10 ohms resistance for 1 hour^ find 
(1) the heat gerterated. (2) work June in the cirfuit, (3) iwwer ahsorlH^l. 

17. What will he (1) the beat gcut-rrtt^-d, (2) work done, in a circuit in which a 
canent of 100 ttuipcrea catisea 50 E. II.P. to Jjo absorbed in 2 hours? 

18t If a weight of 1 ton ocijuires n velocity of 2 miles an hour, wbnt is it* 
kinetic energy 1 

10. How are the 'practical' and 'absolute* system* of units related? Give 
instances in ;»everai cinats. 

'Hi. Define the exact relation uf the watt to the coulomb. (Elcc. -Metal 1. 
Onl I8it7.) 

21. What is Faradny's law regarding nlectro-depositioji t How much caustic 
aoda is produced per ampere-hour, and liow much lead, Kilverj and mercury (from 
mercurmia nitrate] would be deposited per am(tere-hour ? One coulomb evolves, 
say, 0*104 milligramnie of hydrogen, anA tlkp atomic weights of sodium, lead, silver, 
nnd mercury are respectively 23, 207, lu8, ujid 200. (Onl. 18P9.) 

22. Detine a kilowatt and a Boai-d of Trade unit of energy. Explain okarly 
the difFerence between them, and describe in detail, with isketches, the iuKtrnrtients 
which are commercially employed in measuring these two quantities. (Prelim. 1900. ) 

23. What do you mciin by 'ali«olute' units f (Ord. T. and T. 1900.) 

2^. Write opiivalents of the followiug qiuintities in tho inleinatioual uniU* 
liaaed on the centimetre, the granmje, ami the second : — I inch, 1 »<juiire inch, 1 yaitl, 
1 cubit; yard, 1 |*o«iid, 1 foot-pound, tf, 1 horsQ-power-bour» 1 gallon. 

25. If a man supports a weight of 10 Iha. for 17 minutes, dwa he do any work • 
If so, bow much ? ( rrelim. 1 89,1. ) 

2fj, Dt'fine a foot-pouuil. poundnl, dyue, atid kilogrammetre, and state how 
they arc rclateil. (Ord. 189;..) 

27. Define the teruia watt, joule, coulomb, lioard of Trade unit, as applied in 
electric measurement. Di.stingnish Iwiweeii work and power. la a foot-jwund a 
unit of work or jiower ''. (Ord, 190O. ) 
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ELKCrTRlCAL RESISTANCK 



tKNCE has already been Jiiadti to the fact that matter in ejich of 
its three states — soli«l, liquid, or gaseous — invariably introduces an 
olwtruction, or, in othei- words, offers a resistance to the passiige 
thmtigh it of an electric current of any description or magnitude. 
This is utrikingly analogous to the resistance which matter in each of 
the ahove fonns oHers to the motion of any body through it. 

The origin ami definition of the unit in terms of which the resist- 
ance opposing the fhiw of an electric current is measured has heen 
deftJt with somewhat in detail in Chapter III. page 43. 

Further, we have seen that an electric current cannot tiow unless 
» ilificrenoe of electric potential exists, and neither can a current How 
without encountering some resistance. Now anif path traversed by 
an electric current may be called an cUdric circuity whether such a 
pftth be ftoh'd, liquid, or gaseous, or any combination of these. Thus 
in any electrical circuit there are always two other inQtors^jfresstire 
and rurYf-nt — t*) be considered in addition to resistance. 

Ohm's Law. — As a result of the above cousideratiojis^ l»r. G. S. 
Ohtn first enunciated, in the early part of last century, a rule connect- 
ing rrjthtanct^ ntrrent^ and pre^^^uit: in a circuit. The accuracy of this 
rule was confirmed beyond all doubt some years ago by a most careful 
and elal)orate Bcries of tests made at Cambridge, and it may be stated 
M follows : — For any iMUiiltc conductor at af/tstant trmjmtUure the ratio of 
thf J\ D. at Us ierminah to the cmreqHmdin^ cuirmt Jloirinff through it iLs 
ahitttlutrli^ n nntHtnut far all i^lu^s of cuirmt. This ratio is the * rtmt- 
anws ' of the conductor. 

Thus we have 

, , Tentiinal P.D. 

is called Ohm's LtWf and is a fundamental law of the greatest 
ipDrUnce, for but few problems in current electricity can be solved 
without it« aid. In the above form, however, it is only applicable 

6fi F 
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for use in the case of resistances or circuits in which all the electrical 
energy supplied to them is transformed into heat. There are, however, 
many circuits in which the whole energy supplieil is not transformed 
into heat. Instances of such are circuits containing electrolytic colls 
(pp. 37 and 410), electro-motors, transformers, etc These appliances 
oppose the passage of an electric current by reason of their metallic 
resistance, and in addition introduce a counter or ojiposing P.l>. to 
that which causes the current to flow through them. 

This is the same effect iis would occur in a circuit containing 
several generators of P.D., some of which were connected with the rest 
so as to oppose the action of the latter. 

Ohm*8 Law can^ howeverj be Htiited quite generally, so as to be 
applicable in the case of tou/ eircidl, in the following way t^ — 

IjCt K = the total impressed E.M,F. (p. 49) of the generator. 
« = ,, counter E.M.R of any appliances in circuit. 
R= „ resistance of the whole circuit, whether p.'u^ly 
liquid as well as solid, includifig the ititernal resistance of the 

orator. 

Then if C is the current flowing, we have 

_ total netor effective E.M,F. _ E - • 
~ totaJ circuit reaUtance '~ R 

E _e 
C • 



OP 



R= 



or 



e^CfR. 



When the circuit has resistance only» and does not contain any 
appliance which can prcnJiice a counter or back E.M.F., then e - 0, and 
our relations above become 



ami E = CR. 

U the symbols on the right-hand side of each of the preceding 
equations represent the quantities in practical units {p. 62), then the 
results or the values of those on the left will also be in practical muts. 

It may here be pointed out that Ohm's Law, as given alwve, is 
rigorously true for continuous or <iirect currents where R is the total 
metallic resistance or liquid resistance of the circuit. 

For the sfvme circjiit used with alternating currents, however, this 
total resistance may rise to some higher ajipurent or efl'ective value 
due to the circuit jicrhaps possessing electro-static or electro-magnetic 
inductance. Then for 1^ in the above relations must be substituted 



iV 
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the eBcctivt; vamu of the toUil resistance, when the law wil] again 
bold good. If the circuit possesses no inductance of either kind, tlien 
Ohm's Law holds for either direct or aH<irnating currents. It is 
untleainkble at the present sta<;e to go further into the exact nature 
of the increase of resistance wliich may occur with altern:iting currents, 
hut it may be mentioned that the same straight solid wire will, if of 
imlBcient diameter, offer greater resistance to alternuting than to 
direct currents, due to the former apparently confining their flow to 
the outer portions of such a conductor. We shall presently work out 
some examples (p. 71) showing the application of this law in practice* 
but for the present it may be well to go a little further into the 
subject of resistance tiefore doing so. 

Variation of Resistance with Length,— That the resistance of a 
conducttng medium varies with the length of path will be evident 
from considerations met with in Chapter III. By means of Ohm's 
Law. and by the aid of some simple ap|mratus, it is easy to tletcrmino 
the relation subsisting between the resist- 
ftuce of a conductor aud its length. This 
is indicated in Fig, 12, in which ab^ a/, 
and f/ are three condtictors, e^ich of uni- 
form cross-sectional area and of the same 
material, and say the same length, but 
differing in section, Sup[)ose these are 
eotinecled together at the end ade and to 
a delicate detecting instrument capable of measuring the current 
which an electric generator K sends through it and the rest of the 
circuit fd/rKG, where r is some resistance for keeping the current 
constant in strength. Let V be an instrument capable of measuring 
P.D., and which has one terminal connected to n and the other to a 
movable contact P capable of touching alt at any point such as P 
or (^ It will then be noticed that on sending a constant current 
Uinmgh uA the P.D. as read off on V is directly proportional to the 
distance of the point of contact, such as P, Q, etc., from a; or if 
Vp, Vq, Vfr, . , ., etc., arc the readings of \' when the sliding contact 
b at P, Q« 6, . . ., etc,, re8j)€Ctively, then 

V|. aV 




FUh 12.— 8k«'tch of Coutluctoruid 
P.n, MfAfciircr ftjr n X L. 



Vr 



ag 



Kow Ohm'i tAw states that K = CH, where E is the reading of V when 
amnect«d to the extremities of a resistance K which is carrying a 
CX Uence we have 
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F.D. botwooD a and P=ciirrent throngU nP « reaist&tict of aP, 
or \>=OxB«i.. 

Similnrly Vq = x K^ , 

Hence hy division v^'e have 

Yq CR.Q R«Q length aQ* 

The same result would be olitiuned if cd or ef luid been taken 
instead of ahy and Any other points than P and Q. Therefore we may 
define our first law of resistance, namely, that Ulw iffdstufui; uj a 
given condudor of uniform section ut n cmiskint temjifraturr k dircctit/ pro- 
jioriional to its hngthJ Or in symbols, if L is the length and R the 
resistance, then K ^ L, i.r, the longer a conductor is, the greater will 
be its electrical resistance. 

Variation of Resistance with Cross sectional Area. — If, with 
the same uppj*ratns as depicted in Fi^', 1*2, we connect the eijual 
lengths of conductors «/>, cJ, and ef successively in circuit, sending 
exactly the same current, as read off on G, through each, it ^vill be 
noticed that the P.D.'s, ae indicated by V, l>etwcen the points (t and h, 
c and d, and c and / are not equal, but show the following proportion, 
namely : — 

V . V . V — < • 

^Hb r>orf >ff 

where S denotes sectional area. 

But for the same current bv Ohm's Law we have 



» ah '• * nrf '• » ./ — CltaA '• ^Rnl I t>R^— R^* ; R^ : R^, 



Hence 



Rn* ' R«i« : R^= 



-L : J 






The same proportion would have been obtained by taking any 
other equal lengths than «^>, fv/, and ef. Therefore we can define the 
second law of resistance, namely, that '////• niisUwrt of a gitrn tm- 
ducior at constant Irmptraiun is inirrsely profwrtioiutl to i7jj sectional arcii, 

1 



or 



R« 



§• 



M 



Lf. the thicker a conductor is, the less will be its resistance, 
bining this with the first law, we find that 

-I 



Cora- 



^ 



Variation of Resistance with Material. — We have already men- 
tioned that the resistance of a conductor varies with the material of 
which it is made, other things being etiual, and we shall see later on 
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also varies with the physical coiiditmn of the conductor, i.f. 
this is hot, cold, hard, or sufi, nnd with iu purity, etc. ; but by 
of the arrHTigement shown in Fig. 1 2 this Ciin ensily be proved. 
Thus if ah, r<i, and ef are raado of itni/ threi? different materialR of 
exactly the same length and stjctional area, the reading of V would be 
litflTerent in each case when tiiken between the extremities for exactly 
the »aiDe current in each wire. Thin proves that the resistance of a 
conduct^)r depends on the mateiial of which it is made for a given 
length and sectional area. Comparisons are made between the various 
m.'»i<^ml6 by finding the resistance of a mass of perfectly definite and 
known volume in a partioular and definite form. This resistntice is a 
constant for each material at constant temperature. 

Now in order that the last equation shall give the value of R in 
ohms and be one of eriuality and not merely prtipoi tionulity, it will be 
ncccsi»ary to multiply it by a Cfmshut for the particular material in 
ii*** and temperature at the time. This constant U termed the * spenfic 
rtjsiHanct;* or sometimes 'rri^LHUinii/,' of that material at that temperature, 
fttid may l>e dc fitted ae * Um re$isiancf in ohnis nf nnii Ifngth of the mohTuil 
karintj unit crm»-sedi*/nal area,* or, in other words, 'the residan^^e between 
opjwsitr fate^ of a unit ciihe of Ih^ material.* This is sometimes cjilled 
* titluii^ specific resuinnce.* The unit adopted is both the inch and the 
centimetre, so that specific electrical resistance is the resistiince per 
inch cube or per cm. cuVk? of the material in ohms, and it is usually 
luted by the symbol ' ^.' * 
tenc« Rc^p. 

The values of specific resistance '/>* are given in Tables V. and VI. 
pagBB 77 and 79, for a number of the most important nietids and 
«Iloys in use. 

CoIJcctitig the three rules defined alHive, we see that 



Lp 



olimB^ 



rhere h and S are both in similar units — inches or centimetres. 

This last etpiation, combined with Ohm's Law, enables us to at once 
obtain the /k// oJ jMjenfial^ otherwi.se culled ''the dmp^ in any electrical 
conductor due to its metallic resistance when anj'^ given cuiTent flows 

mgh it. 

Thus if a current C amperes flows through a conductor of resistance 

• Tbt rwder shoiiM jirjarrl against lifting tlie term • olim* per cubic inch ' or 'per cubic 
cm,* for uprcUlc rc«i*t-ance. Such is oiten employed, but is tt wroag appelltttioi), suctng 
tliAi »D incli cub* wr ft cm. culie is a iwrftttly detinU* thing, whereao » cubic inch or cubic 
on. may bftw any form atid therefore any re«i.^tauc« at one and the M.me temperature. 
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R ohms, the P.I>. at its extremities, i.e, the fall of potential down it, or 
the drcfp, V = CK hj Ohm's Law. 



But 



A 



if L and A are the length and cross section of the conductor of specific 
resistance p. 



v=cn=c 



hp 



. \ the drap , _ v/» - %^ . . 

Hence the drop in a conductor is directly proportional to the 
cun*ent and to its lengthy and inversely proportional to its cross 
sectional area ; or, for the same current, half the section will give 
twice the dro[i. 

The loss of powei" tv in the conductor will be 



wi=cm 



=K) 



watts. 



4 



The (volume) specific resistance p, as defined above, can be deter- 
mined from a piece of uniform wire of circular section drawn from the_ 
given material. 

Thus let R = Ua rcaistauw iu olim.9> 

L= ,, length in tentinietrvs. 
D - ,> diameter in centimetres. 
0= ,, specific gi"Avity. 
W - .. weight in grammes. 

P_Lp_4Lp 



Then 



where 



Hence 



But 



or 



p= 



4L • 



W=LGS = LO 



'D« 



rD''« = 



4^W 



Hence by substitution we have 



RxD-' 
4L 



K4\V 
4LLG 



L*G' 



Specific electrical resistance can, however, be expressed as the 
resistance of a known mass of the material, aix. the resistance between 
the ends of a wire 1 metre long, of uniform circular section, and weigh- 
ing 1 gramme. This is sometimes called ^mass sj>€df(c rcsist<tnn\^ and 
may bo derioted by the symbol p^j. This may be expressed in terms 
of the length in centimetres, mass in grammes, and resistance in ohma 
of any wire of uniform circular cross section. 
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p»i — 



IQO DQ WR 



100 



= the length in metres, and the other symbols ha%^o the above 



meaning. 

To familiarise the reader with the applicatioti of the preceding 
UwB, tk few examples will be taken. 

Example 1. — A certiiin current generator, having an internal 
resistance of 0*5 ohm and a total E.M.F. of 200 volts, supplies an 
electric circuit having a back E3LF. of 180 volts, with current through 
copiier main having a totiil length of j mile and cross section 0"01 
[tiaro inch. Find the current strength. 
The resistance of the main must first be found from the last 
equation, and in this we have l^ = \ mile = 0*25 x 1 760 x 3 x 1 2 inches, 
S=O*0l sq. in., and /> = O'OOOOOOG? ohm per inch cube for copper 
at orditiary atmospheric temperaUire {15' C). Hence the resistance 
of the copper main 

1 -OflS ohra* 



V = l!E= ;25j<27«0 •: m > OOOOOOOO 



•01 

lienco the current by Ohm's Law is 

200-180 20 



c= 



R 1093 



•5 1 -593 



= 12*55 amperes. 



Exampk 2.— Find the length of a copper main having a cross 
of 0*25 sq. in. and a resistjtnce of 05 ohm at IS'' C. 



ion 



L=M = 



•6X-26 



= 186,667 inohes=2-944 miles. 



p -00000067 

Bramplf 3, — What sectional area must a copper main have which 
is 2 miles long and has to ciirry IJOO amperes with a fall of potential 
of not more than 20 volts ? 

By Ohm's Law the resistance of the main must be 

V ^ 
0^^200 

lonce the required section is 

2 It 17fi0 X 36 X -OOOOOOe? 



R 



= ^^i7A = 0*l ohm. 



®-R 



O'l 



= *849»q. in. 



Example 4. — What will be the resistance of 10 yards of platinoid 
wire O'OOl sq. in. sectional area at 0' C, ? 

From the table, page 80, we find that for platinoid p = 0"00001643 
ohma per inch cube. 

Hence the required resistance will be 



^^ _ U) _ 10 . 3 .12.0 -0 0001^ 43 
8 ~ 0-001 



.T'868 ohnui. 
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Example 5. — Find the RU, at the extremities of an electric 
circuit hiiving O'l ohm resistance in order that a current of 100 
amperes may flow through it. 

By Ohm's Uw the P.l). (V) = OR = 100 x 0*1 = 10 volts. 

Variation of Resistance with Temperature. — In the definition of 
resistance given in the preceding pages, temperature was mentioned. 
This arose from the fact that the resistance of any conductor or 
insulator actually depends on the t4?mpcratiu*e at any given time, in 
much the same way that the length of a rod of mat^iTial depends on 
the temperature. One reason suggested to explain why change of 
temperature should alter the electrical resistance of a body is that 
alteration of temperature causes the molecules of a l»ody to change 
their positions relatively to one another, thereby causing an expansion or 
contraction of the Ixxly. Thu^s in a heated substance it is conceivable 
that the molecules are more tightly packed, causing greater obstruction 
to the flow of electric current through them. Such an hypothesis 
must, however, bo accepted with reserve, seeing that the eicetricnl 
rmstance of dedrithj^fhh liquuh tliminislu;.y iritli rheof tfuijterahnr^ though 
such liquids exjiiind with heat as do solids, while the resistance of all 
the metals and, with very few exceptions, of all the alloys increases. 
On the other hand, the non-metids (some fifteen in number), such as 
the gases oxygen, hydrogen, nitrogen, chlorine, brondne, iodine, fluorine, 
and the solids carbon, sulphur^ silicon, boron» arsenic, iihosjihorus, etc,, 
all show a decrease in resistance for increase of temperature. This is 
also the case with insulating ninterials which are made from com- 
pounds containing two or more of the non-metals. It will be seen 
later that this extremely important effect of terajieratiu'e on the 
resistance of aubstancea causes certain substances to be pre-eminently 
suitable for certain pur[>oses. The amount of increase or ilecicase of 
resistiince in ohms which 1 ohm in any given material would 
undergo for each degree Centigrade change of temperature is 
called the coeflicient of variation of resistance with temperature for 
that matei'ial, or, more briefly and commordy, the ' iemptrahtre an'jficinni 
of rcmtauce ' lor the material. This is usually denoted by the Greek 
letter ' «,' and is a constant within a certain range of temperature. 

That such a coefficient exists was conclusively shown by I)r, 
Matthiessen some years ago in a very careful series of tests which he 
made on the variation of resistance of materials with temperature. 
His results prove that while the variation of resistance of all pure 
metals, with the exception of mercury, is not absolutely in direct pro- 
portion to corresponding Yariabions in temperature, the two are 
sufficiently in direct proportion for all practical [mrposes. 
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■ The small difference involves a temi containing the square of the 

■ temperature. Thus — 

P then 
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If R, is the resistance of a body at O"* G. 
■tidR< „ „ the ,, rC, 

Bii = R,(l-f iUX,8if2) very approximately, 



L wh€ 



I 



where a and ft are constants lor any f«irticolar material. 

^, however^ is in most cases very small, amounting only to about 
OiX)00125 for most pure metals except iron, and to much less in the 
of alloys, so that the term lit- is small enough to neglect for all 
practical purposes. 

Hence we have Rf-Ro(l + 01), 

wljere a is the Ucinjtemturc coclfident' of the material. 

The values of « for many important metals, alloys, and liquids are 
given in Tahles W and \l. page.s 77 and 79. 

The resistjiuce of all elementary metallic substances except carbon 
increasee with rise of tempemtiire. 

fn other words, the temperature coefticient a is + •*, and for most 
pure metals excepting mercury, nickel, and iron has an average or 
neiui value — 0*004 ul between 0" C. and 100 C, which is large. 

The imlividual value of a shodd, however, be employed in any 
calculation for the particular material in tiuestion. On the other 
hiuid, the specific resistiince of the elementary substances is low. 

A« A general rule, the coml)i nation of two or more elements to 
iarm au alloy residts in the alloy ha\ing a higher specific resistance 
»nd lower temperature coefficient than that of any of its component 
elements. 

For instance, the resistance alloy platinum-silver (p. 80), having 
« specific reaistaiice ol 31-582 microhms per cm. cube and a temperature 
CPffficient of 000243, consists of the elementary metaU silver 
(66 V ) and platinum {IMi ; ), the specific resistances of which are 
nw|iective]y 1*468 and lOyiT niicj-ohms per cm. cube and the 

j)er»ture coefficients 0(KM«i and 0*00367 resfiectively. 

ITio value of a in certain iusiances, such as the alloys manganin 
Mill fturelca, is not only very small, but is - •*, i.e. the resistance 
4rfrta*ti^ as in the case of carbon, with rise of temperature. This is 
haps one reason fur thinking that possibly carbon is not an clemen* 
y substance after all. 

The alloy manganin has a ratlier peculiar variation of resistance 

with temperature, l)eing ^ " and decreasing for 11 cerUuu range, and 

theu - *", aa the following figures show: — For to 10" C. tt*° 

^0000024; 10" to 'JO' C. «= +0000013; 20 to 30' C. a^ 
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-hO'OOOOO:*; 30' to 40 C. u = ; 10' to 50' C. a= -0000003; 
50"" to 60' C, a = - 0-000007 ; 60' to 100' C. mean a = - 0-000025. 

The last equation m:iy be written in a foraj which will be more 
generally applicable in practice, since the resistfince R« at 0" C. is 
hardly, if ever, known. 

Thus, if I\j is the resistjince at some tempeniture /^, and R^ is the 
resistance at another temperature t^ 
then R,=R,{l+a(V-V)l- 

Temperature Coefflelent of a Combined Circuit. — It is invariably 
the case that an electric circuit consists of more than one kind ff 
material, Le. it doee not consist of copi>er throughout. Thus it may 
comprise copper connecting wires and resistances which may consist of 
a liquid, or iron, or some alloy. 

In certain cases the temperature coefficient of such a circuit might 
be require<l, and we wil! now consider Itow the combined temperature 
coefficient may be found in the case of a circuit composed of two or 
more materials having different temperatiu'o coefficients. 

First, consider the case of two resistances joined ' end on ' to one 

another, or, as it is more technically termed, connected in stfrii's \dlh 

one another. The arningement is sliown symbolically in Fig. 13, 

o where uh is one materiul havinj' a resist- 

OAAAAAAVVr-O-AAAA/VVO ance R^, and be the other, of resistance 

Rj. Further, let «j and Ug be the re- 
spective temperature coefficients of Ej 
and Rg. Required that of the coml>ination 11^ + K.,, it: the tem- 
perature coefficient a between the points a and e. From the definition 
of tempeniture coefficient given on page 72 it will be at once evident 
that the total inntase or decrettse in the resistance of ah will bo 
a^Rj ohms per V C, while that of he will be a^Rg ohms per V C. 
Consequently the tvhd incrmse or dea'ease in the resistance of the 
combination ac is 

(ajRidboLjlt,) ohms j>er V C, 

where the - "^ sign is used only in the case of the resistance R^ 
decreasing with increase of temperature, t.^. when a^ is - **. 

Should a^ also be - ", both products must then be added together, 
and the - ** sign prefixed to it merely ti> indicate a decrease of 
resistance. Now since the original total resistance = R^ + R. the 
combined temperature coefficient 

^^^fl |Ri±agR ? (,],„, r ohm per r C\ 
Further, it will be seen that the total resistance of oCy namely. 



a t <^ 

Fio. 1.1,— Two RratstALiceji in 8«'ri»*fl. 
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R, + Rg, will be perfectly constant at all temperatures providing 
ajR, = ajK^, and this result haa an important bearing on the wimling 
of electrical ine^isuring iustrunients 
to be dealt with later (mlc p. 204). 

Next tiiko the case shown in Fig. 

of the two resistances Kj and Rg 

paiiiJIf'l between the points a 



und h. 




Fkj. 14.— Tivu ReslsUiiwa in l'urTi11«'l. 



The totiil increase or decrease of 

resistances will, as before, be a^Rj and a^R., ohms per 1 C. 
ipectively. Hence, by the reasoning given on page 84, we have 
le original combined resistance 

- R,R. 
This for 1"* C. difference in temperature becomes 

(Ili±a,Ki)i^(E,±a,K.)* 

Then by our definition of temperature coefficient on page 72 we have 
* combined temperature coefficient ' 

_ tota.I inei^aaui or deercitae of rcsistaince \tcT T" C . 
ori^iual reaUuniio 



_ (R, ta> Ri)(R,±tt,R<) _ RiR., 



ohtn per ohm per 1' C. 



;ing this to its lowest terms we finally have 

a = fib + Mli3 t?at^) _ 1 ohm ix.r olnu pr V a, 

le - *• sign being employed only if Rj or R,, or both have negative 
temperature coefficients. 

In the alxjve manner the value of a can be found for any combina- 
)n of resistances, providing the individual \alues of the coefficient 
known. 

KxampU 1. — The fieltl magnet coils of a shunt-wound dynamo 
have a resistance of 140 ohms at 15 C, what will be their resistance 
At 25* C, the temperature coefficient uf copper being = 0'00428 I 
From page 74 we have 

Hence, substituting, we have 

I{^ = 140 {W 0-00428(25- 15)} 
= 140 X l-0428 = U5-»92 ohme. 
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Therefore the total increase of resistance — 6 ohms very approxi- 
mately. 

EjuxinpU 2. — If the shunt coils in the last question alway^^ have a 
P.D, of 200 volts at their terminals, what will l)e the value of the 
current taken by them at each temperature 1 

At 15' C. the current taken will be 

A = ^ =^— = I 429 ampere. 
R 140 ^ 

At 25* C. the cun-ent t^ken will be 

Exnmpk 3. — The working coil of a certain voltameter has a 
resistance of 140 ohms, and is wound \nth copper wire having a T.C. 
of 000428. It k placed in series with an extra resistance made of 
nickelin having a T.C. = 00003 and a resistance of 2860 ohms. 
Find the T.C. (o) of the conibination. 

From page 74 we have «-- ' '^^ . 

.-. substituting, we get 

^ ^ {O-OOISS X 140)+ (0*0008 x gB60) 
140 + 2860 



0-5992 + O'85«0 1-4572 



= 0'000485. 



SOOO 8000 

E/iUiiple 4. — If the two resistances are in 
being in series, what will Ik? th<j combined TX', 1 

From page 75 we have 



parallel instead 



substituting, we have 

,_ {140 + 2860X1+0 -00428 



0-0003 4 O'OOOOOl 284) 



140 + 28d0 + 1 140 X -00428) + (2860 X -0003) 
_ 8000x1-001581284 3013 74:iS 52 , 

140 + -imO + '[m2 + -8580 " ^ " 3001 -4672 

^1-00409- 1=0 00409. 

The following tjible (V.) gives the specific electrical resistance 
(/») per inch cube and per cm. cube of the most important elements, 
together wiih the tomperature coctKcient (a). In the ccilumn beadeti 
i*elative resistance each substance has been expressed in terms of pure 
copper, which is taken arbitrarily as unity. This is a departnre from 
tlie usual practice adopted in text-books, which invariably chm)se silver 
as the standpoint against which to compare other substances, owing 
to it having the smallest specific resistance. Cop|>er, however, is 



obYiousiy the better etandpoint of the two, since it is used to such an 
enormous extent in electrical engineering, and since very complete 
Cftbltfs are almost always availaWe which give every detail connected 
with copper that is likely to lifi required in practice. Table V. shows 
us that, of all the substances givon^ pure annealed silver has the least, 
and bismuth the greatest, resistance, for the same length and sectional 
&r<»Ji. 

TABLE V 

VOLVIIK SPBCIFIC RF«I8TANCfi (p) AND TEMPERATPltE CoEFFlLlENTS (a) OF 
ELBUKKTAfiY PUftK, Sort, AKU ASNfcALKD SUOSTaNCES IK 0»!i>KU OF 
IXCBILASINO R£.SlSTANce. 





DeUrmmed fry Pro/tissan J 


, A. Fleming and J, Dcwar, 








pin MicrohmiiJ»t 










0-C. 




M«in« 


8ub»tJUICr. 


Conjpoaftioti. 






H«lative 
Renifliatice, 


0- 0. and 










F«rGm. 


Pur Inch 




lOWC. 






Cute. 


Ott«w. 






Silver 




1 •46S 


t)Ti781 


0-940fl 


0*00400 


Coj.j.-. 


Very loft 


1 '5(n 


0'614H 


1 


004-^8 


SijI 


Harti ilrawii . 


1 "59'i 


iV62tl9 


1-020 




c 


Hnrd drawn . 


1 -Mty 


0-fJ2tJ9 


1-020 




U&ai . 


999 degrees of fineness . 


2-197 


0-8d50 


1*407 


0-00377 


Gold» 


Hard drawn . 


2-234 


0S79« 


1-431 




AltiTiiininTii 


Xeiiliauhen, 99 % pnre . 
Comiiicrcittl. 97 '5 % pur<« 


2-563 


1 009 


1-642 


0*00423 


Aluininuiiii 


'i-m:* 


1-049 


1-707 


0043r> 


Jdjiiruesiuiu 


-■ 


4-35r. 


1-7 15 


2*790 


(J«)038l 


ZU.r . . 




5-751 


2 26f> 


8-6S4 


0*00106 


Irtitj » 


Verypm. 


9-0rtr» 


3-609 


5*806 


006*25 


Inin . 


Less pure, contaiiung 
O-'iy % Mil. 0*01 % 8 


10-512 


4-138 


6-733 


0-00544 


Iron* 


Telfgraph wirt- 


14-910 


5-S70 


9-552 




Cadmium . 




lfio2:i 


3 -946 


6-419 


0-00419 


{■alkdiarn. 




10-219 


4 024 


6*546 


0-00354 


FtAiinutii . 


... 


10*917 


4^99 


6-995 


0-00367 


Kickel . 




12-323 


4-861 


7 893 


0-006-J2 


Tit. . 




13-048 


6 137 


8-358 


0(10440 


ThftUium . 




17-633 


6*940 


11-29 


00398 


Uul. 




20-380 


8*024 


13*06 


00411 


Aatiinony " 


PlT««d . 


y5'4fi 


13-96 


22-71 


00389 


M^rctiry , 
BtMiiitiui ■ . 




94 07 


37 03 


60-26 


000720 


PrcsMd. 


131-18 


51*65 


84-95 


0*00353 



The resistance per cm. cube of any substance is 2*64 times the 
Uncc per inch cube. Commercial metals show higher values of 
vfic resistance than those given in the preceding table, owing to 
impurity. The incroaso is sometimes very considerable, and as an 
example pure irtm and iron tehifniph ivire may be cited. 

' The unit ttilopt«d itt the Bonrd of Track* or legal staudAtd olinj (p. 45). llfnce (> 
kn cfpTfMrid ID legal tiUtidai-d itdcrohuis. 
• Not lUjtcrmlned l»y Fleming and Dewar. 



78 ELECTRICAL ENGINEERING chap. 

It will also be observed that the values given differ, in some cases 
considerably, from those noted in several other text-books, the reason 
being that at the present day increased facilities are available for 
obtaining purer elements than some years back, when the earlier 
results were deduced. 

As an instance, some ten years ago all the copper employed in the 
manufacture of electric wires and cables was guaranteed to have a 
conducting power for electricity of as much as 96 and 97 per cent of 
that of pure copper. Nowadays it has 100 per cent of that of pure 
copper, due to the development of electrolytic methods of obtaining 
this metal. 

The following table (VI.) gives the values of p and a for the most 
important alloys : — 
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In the second column of the preceding tahle only the chemical 
ibols (for brevity) have Iwen used for the met^ds, the |tro]portio!is 
of which, composing the alloys^ are given. These chemical abbrevia- 
lionA will }>e found in Table III. page 43. Besides these, the 
following are iwed : — 



C<» for Cobalt, 
Ir ,, Indium. 
?d ,, Pallttdiiiiii 



Rh for Rhodium. 
Mb ,, Matigau^sg. 



■ The reason why it is convenient to compare the resistances of the 
^L^OM with that of pure copper is similar to that given on p. 70 In 
^PfSfcction with the metnls. For irihtancc, supjxjse that we wish 

to know the resistance of 1000 yanls of platinum silver of a 
certain gauge. All we have to do is to look up in the ordinary 
tables on copper conductors the resistance of lUDO yards of copper 
irire of the given gauge and terajieraturo. Assuming this here to 
bo 1963 ohms, the 1000 yards of platinum silver will have a 
TOUttance (see Table Vi) of 1^6*3 x 20"23 = 3971-15 ohms, or a 
rveisUuice of 3'97l ohms per yaid- 

The results given in Table VI. show thai, of all the substances, an 

alloy of copper and manganese has the greatest resistance and one 

of the smallest temperature coefficients. The non-metal carbon 

toot be classed, in a sense, with the altoy.'^, though it is true thai 

carbon given is not pure. The composition of the fdloys, and 
with it the resistance, often varies considerably, for the admixture of 
mn extremely snuill amount of foreign matter considerably increases 
fclus renistance of the mct;ils. 

Some interesting and extremely useful particulars and tables of 
figure^; relating to German silver, platinoid, galvanised iron^ maiiganin, 
Krappin, Hadfiehl's 'Resister' alloy, and Brunton's 'Beacon' alloy 
will be found in a discussion on mettillk mUUince^ by E. K, Scott 

IiBlertnoil n^ru'tc, 43. pp. 71-72, 107408, 187-188; 1898). 
Krappin — made at Essen, fierniany — is much usotl abroad, and it 
it claimed for this alloy that it will stand temperatures up U> Hi»0 ( 
without injury. 
• IWcon' alloy has a sjMJcific gravity of 8 1, and has been known 
Ip have a specitic rcsistaiice of i^r>'\ 3 microhms per cm. cube at 20" C. 
• Specific Conductance — Conductivity. —The reader will at once 
see that as in the case of a supply of water or gas the conducting 
chanoeL, «>. the supply pipes, should offer as little obstniction to the 
^ free passage of the How as po.ssible. So in the supply of electricity, 

■ the conductor should f»Her the greatest facility for the {wissage of the 

■ c»irrent> iV- should have the least possible resisUmce. The property 
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of any substance in \irtiLie of wljich it alloxva of the passage of 
electricity through it is called its cojidndance* This property is 
obviously exactly the converse of resist-unce ; or, if K is the conductance 
of a substjince having R ohms resistance, 



then 



(mhos), 



vnwl 



R=w (ohms). 



In view of this relation between conductance and resistance, Lord 
Kelvin suggested that the unit of conductance should be called a 
MHO (p. 46), which is the word OHM written in the reverse way, 

A mho therefore is the conductance of a column of pure mercury 
106-3 cms, long, 1 square mm. in sectional area, at 0" C. {rule p. 45). 

The above considerations leiid us to the stjindaiti of reference for 
comparing the conductances of various substances. This is the con- 
ductance between o]>posite faces of a centimetre cube or inch cu1»e 
of a Bubstance in mhos, which is called the spedfic cumUidanrti or 
eondnditiiif. It is the reciprocal of specific resistance or resistivity, 
consequently^ the reciprocal of the values of p given in Tables V. 
and VI. will be the specific conductances of the various substances in^ 
megarohos. 

From the above remarks it follows that if L is the length of a 
conductor of cross section S and specific resistance p, it^ conductance 



K 



mhos. 



This relation is the cuuverse of that given on pige 69 for resistance. 

In practice, the terra conductance or conductivity is seldom used, 
it being customary to compare the carrying capacities of conductor*^ 
of electricity by the smallness of their resistance and their cross-] 
sectional area. 

A conipanson of the relative electric and heat conductivities of 
several of the metals is intorcating, showing, as it ck>es, that they 
arrange themselves in pi*actically the same order, with one or two 
exceptions^ in the two ca'^cs. In the following tjd>lc the relative heat 
conductivities are approximately those determined by Wiedemann 
and Franz, while the relative electric conductivities are proportionsd to 
the recijjrocals of the numbers in column 3, Table V. 



[Table 



ELECTraCAL RESISTANCE 



83 



TABLE Vn 
&iLATive Oorfurt-Tivma* fob E^iiAi. Lbsotu anp Cross Sjsction 



SilbatMIM. Klwtdc. 


ile*it ' 


SilTer 


100 


100 


^r 


94 


75 


67 


54 


Zinc 


25 


20 


Tin 


11 


15 


Iron 


U 


H 


r^e^d 


7 


8 


riatinun 


I , . . 13 


9 


Palladia 


ttj . . . 14 


6 


Bismuth 


1-1 


1-9 



AO WVWM- 



-wwvw- 



-V/MW VWVWWV^ VWWVVW OB 



Fhj. 15, -All ill S<>ri!!s. 



If the electric and heat contiuctivities of the alloys and of 
ilating substances be compared, it is found that the electric 
conductivity decreases far more rapidly than the heat conductivity, 
particularly in tlic ciisc of insulutiug sulistauecs. 

Series and Parallel Circuits. — We may now consider the two 

main systems of arranging ai»pliance8 to form an electric circuit, and 

the IoIaI resistance thereby introduced. 

^ These are ( 1 ) the innirs and (2 ) flu prffdlrl systems respectively. All 

B other armngements of circuits, of which there are almost an unlimited 

H number in practical work^ are merely combinations of the above. 

^^^^ BdSistances In Series. — Taking first the ease of a luiraber of 
Hapfiliaooefi in simpk' scries, i.f\ .dl jointed 'end on' to one another^ lui 
•boim in Pig. 15, and represented by the wavy lines. 

Now, since any ciirrcnt whicli may How between A and B will 

t!Bcounter each resiatance in tuin, it is evident that the total rmsiance 

of tmtf number a} separate applmnc^s or toiuiuriors conrwcted in sffrics is 

ii) thf unm of thtii ^ifptnite resistances. 

Hence^ if there arc n appliances connected in series, the resisUmces 

of which are r^ /.„ r^, . . ., J*,,, respectively, then the total resistance 

Or, by Ohm's i^w (p. G6), as follows: — 

Let V-the Total poteiiti^il dilTerence betweeu the extremitteji of a number of 
imittatioea tn aeriea ; 

C^Gurrent flowing through them ; 

•i« ^ ^ ' ' ■• «'n the IVD.'s at the terminala of ri, r^, r^, . . ., r^ 



84 ELECTRICAL ENGINEERING chap. 

Then since V=i-i+rg+r5+. . . + r^, 

CR=Cri+Cra+Cr3+. . .+Cr«, 
i.e. R=rx + r2 + r3 + . . .+r„. 

In Fig. 15 n = 5, whence the total resistance between the points 

A and B is 

R=ri + r5 + r3 + r4 + rB. 

The value of R is entirely independent of the order in which the 
different resistances are connected in circuit. 

Resistances in Parallel. — Next consider the resistances r i, r^ r^ 

. . ., rn connected up in 
parallel^ branched, or divided 
circuit, as it is variously 
termed, between the points 
A and B. 

Fig. 16 indicates the 
arrangement. Now clearly 
it would be possible to sub- 
stitute for the parallel com- 
bination between A and B a single resistance R which may be called 
the parallel, or combined, resistance of the combination, such that 
for the same P.D. (V) at its terminals the current (C) in the main or 
undivided circuit remained unaltered. 

To find this, let V be the P.D. between A and B, and Cp Cj, C^, 
. . ., Cn the currents through j\, i\^ r^ . . ., r» respectively. 
Then the current in r, is 




Fio. 16.— All in Parallel. 



by Ohm's Law, and the current in r.^ is 

c..=Y, 

and so on. 

Similarly the current that would flow in R is 

But C = Ci + C2 + C3+. . .+C„, 

, V V V V V 

whence fi =-+- + - + . . .+ , 

R r, r._, r3 r„ 

and .'. u^+- + - <•...+ . 

R ^i To rj ;•„ 

In other words, the reciprocal of the combined resistance is equal to the 
sum of the reciprocals of the resistances of the resijective parallels;; or, 
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But if n =r 2, 



=W 



ri r» 



M+i. 



ii^dn, the efTective or combiDed conductance is equal to the eiim of 
the separate conductances of the parallels. 

tin Fig. 1 G ft = i), an<l 
r 



= i + i 



or 






Again, it will be seen that if r^ = r^ = '*3 = ''i say, 

then R=>, 

n 

where « = the numher of equal resistances in parallel 
Fig. 17 shows 

/VWWV\M^ 

o vvvWv^-^WvlA^ — o 

vvvVVAWVAA 
Fto. 17.— Purtly iterlM ani ]V)rtly Paniil»>l 

combination of series and parallel circuits ; and since by the pre- 
ceding result the combined resistance between 



C and 1> = , , . , , , I 
the total resistance between A and B is 



R = r,^ 



-*'''5=''l 



+ r,. 



Emmple 1. — An electric generator suj^plies cuiTent merely to one 
100-Tolt electric glow lamp, having a resistance r^ of 300 ohms when 
glovring properly at \ 00 volts. What will be noticed when a voltmeter 
of 1000 ohms resistance (r^.) is conneete<l to the lamp terminals in 
order to measure the P.D. ? 

The lamp alone will take a current 

If now the voltmeter l^e connected, we shall have this and the 
in parallel, and hence their combined resistance will be given by 



Ltion 



R: 



^ft^» 



1-1 ' 

R"r/iV 

800x1000 300000 



231 ohms approximAtely. 



r^-^U »0O + 100O 1300 
Thus the insertion of the voltmeter in parallel vdth the lamp has 
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reduced the resistance between the two points to which the lamp is 
connected from 300 to 231 ohms, or the whole circuit resistance by 
about 69 ohms; the result noticeable being the diminution of the 
brilliancy of the. lamp, which is caused by the large altoi-ation of circuit 
resistance. 

Example 2.— If four electric glow lamps hav^ng respectively 400, 
200, 100, and 50 ohms resistance be connected iu imraUel, what h 
their combined resistance ? 



We have 



1 1 1 

+ --I-- 



400 



Jl_ J_ JL 1 _l-f2 + 4+8 
400 200 100^ M 



15 
400 ' 



the combined resistance 



U~ ,- =^26'i ohnuL 



Standard Resistances. — Having discussed the electrical properties 
of various well-known substances, we are now in a position to deal 
with another imporUint subject, namely, skmdard resisttnues of known 
values. These are always retiuirtHl in the measurement of resistances, 
and often in that of E.M.F. and current. Now an ideal standard 
resistdnco should bo one which does not alter in value from day to 
day and fiom year to year. We have, however, seen that all suK- 
stances change their resistance with change of temperature ; and further, 
it has recently been shown that many 'age/ especially aft^r con- 
tinued application of warmth, ie, the substaTice seems to undergo 
some invisible change in itself winch very gradually alt-ers it« resistance 
with time. 

The wukiial then to employ should be immune as much as possible 
from the latter property, should have a high cmstaiU specific resistant 
to obviate the necessity of having to employ great lengths for a given 
resistance, and, histly, it shouhl possess as small a temperatiu"e coefficient 
(p. 72) as can be accurately determined and allowed for. 

In this latter case it is far better, for very accurate work, that the 
material used should have an appreciable temperature coetficient that 
18 accurately known, than a very small but less accunitely known one. 
At the same time it must not be so large as to necessitate correcting 
the resistance for ordinary changes of temperature which occur in a 
testing-room and for ordiujuy work. Double -silk -covered wire is 
used, the material largely employed in the past l>eing German silver. 
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has now been superseded to a very large extent by ihe alloys 

platinoid, eui*eka, and platinum silver, all uf whicli bave high specific 
distances and low temperature cootBcients. 
The material ahoidd bave as small n thenno E.M.F. with copper as 

possible, Nickel, copper, and especially constjintan bave a higb thenno 

E.M.F. with copper and are not suttable for standard resistaiH-e coils of 

great accuracy. Manganin is better tluiri constsintaii in tliis res|>ect ; 

bat the latter resists oxidation better, and can ho heated witli 

impunity to 300" C. 

The form t;%keu by fixed mastfr statuiin(k of resistance varies 

•omevhat with the maker, that made by Mr. K. \V. Paul, of 

London, being shown in Fig. 

18. It consists of a coil of 

doulde-silk-covered platinum 

»ilver or manganin wire 

(usually the former), non- 

inductively wound in the 

form of a flat double spiral. 

This ift enclosed in, but in- 
sulated (with mica) from, a 

thin flat di,4coida1 metal box. 

This is formeti of two rc- 

eeaaed discs bolted together, 

th« joint between tbeni 

being of V form, filled in 
irtth Hpeetal water-tight packing. The two stout copper rods, held 
jtbcr rigidly by the ebonite block, juuss through the ebonite top of 
vertical metal tube which is carried by the flat box as a foot. 
These rods are so flxeil that the soldered joints of the coil to their ends 
esnnot Ik? strained by roughly handling the stfindard ; the two free 
«nds being intended to dip into mercury-cups, and so make connec- 
Uon to the circuit. The wire of the coil is carefully aged, and adjusted 
extremely Jiccurately to 1 part in 10,000 at the temperature stamped 
on the standard and as niOiisured by a standard theimoraeter immersed 
with the standard in a water or paraffin -oil bath. The form of all 
master standunl resistances whoubl be such that they quickly lake the 
temperature of the bath, for the whole ditficulty lies in accurately 
d©t«miining the temperature of the cotl An error may also ci eep in 
ilu6 to conduction of heat through the stout copper rods from the 

The adjv^ialde form which known standards of rt^sistance most 
|iienUy take is shown in genera! ]>rinciplo by Fig. 19. A mahoganv 
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C! 



/ 



p^r 7 




T i:=j T 



B 



7) 



Flo. lii.— OHifltniL'lloti of StarKlon) Kf^iitUnci'-Box. 



box 13 k i-losed by an ebonite lid E, to the under side of wliicli 
are fixed four ebonite or boxwood reels or bobliins A, or as many more 
as may lie desired. 

Tu the top of EE are securely fixe<l five (or more) brass blocks b^ to 
ftg, these being at legist one (usually two) more in numlier than the 

number of Ixjbbins A. 
Each block is separated 
from the next by a 
narrow air-gap Gj and 
tlie adjacent ends of 
the blocks are bored so 
as to form a small 
conical hole tapering 
downwards at ejich ut 
the fonr gaps sho\v^l, 

Into these holes fit 
brass plugs p having 
exactly the same ta[»er, 
go as to fit accurately, 
each plug being provided with an ebonite handle e of some convenient 
shape^ into which the shank of p is screwed and pinned. 

To the lirass blocks at the extreme ends of the series are fixed the 
terminals T, T, the best form of these for this purpose being that 
shown in Fig. 19. Screwed into each block and projecting through 
the ebonite lid E is a stout luass pin or rod li, though -ometimes 
two are screwed side by side into each block. To the ends of K are 
soldered the ends of the wire resistance coils, which are wound on the 
bobbins A and wirefuUy adjusted to have an exact, oven nnnd>er of 
ohms resistance: say 1, 2, 3, and 4 ohms, as marked. It will now be 
seen that a n'sistancc coil hjis its ends electrically connected to two 
adjacent blocks so that the insertion of a plug in a hole, such as that 
between blocks K ^nd k^^ will join the ends of the 2 -ohm coil 
through a very small resistance (equal to that of the phig and its 
contacts). In other words, the coil is said to be short-circuited, and 
itfi resistance entirely cut out. 

The total resistance between the terminals T, T, as indicated, is 
1 T ."J 4- 4, or 8 ohms ; for the current, entering at the left hand terminal 
say, flows thrcnigh coil 1 via h^j />.„ through coils 3 and 4, and out. 

Hence th^ terminal resistance in all cases is equal Ui the sum of' 
the numbers opposite unplugged holes. 

The arrangement depicted in Fig. 19 would only have a total 
resistance of 10 ohms, with any intermediate value between 1 and 10, 
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bf 1 ohm at a lime. By kaving more coiJs any resistafice from 1 to, 
say, 11,110 ohms, with Lohm variations at a time, can be obtained. 

The usual values of the coils fitted in a box to total the above 
redstaxice are : — 

I. 2, a. 4, 10, 20. 30, 10, 100, 200, 800, 400, 1000, 200O, 3000, 4000 ; or 
1, 2. 2, fl, 10, 20, 20, 50, 100, 200, 200, 500, 1000, 20a0, 2000, HOOO^ 

Bttt there are other values, the first set being that used in Post Office 
work, and the most convenient for snranung up. Thus 16 coils will 
produce 11,1 10 diflFerent resistances, varjing by 1 ohm at a time. 

In the better resistance- boxes the blocks are undercut as shown 
at D/, which is partly to facilitate removal of dust which tends to 
accumulate on tht> ebonite lid between the blocks, but principally to 
prevent current leaking across the Him of dust or clean eboTdtc surface 
instead of it all going through the coil when this has a high i-esistance. 
Obviously the coil and such a film are in parallel, and therefore the 
resistance between these two adjacent blocks would be less than that 
of the coil (p. 84), tind erroi*8 woidd result. 

An 'infinity* plug is visually provided, i.e. two adjacent blocks 
are not connected at all inside the box, so that the circuit is liroken 
OD removing the plug. 

The mcihtMl of fixing the Imbbins A varies with different makers. 
IhaX shoMni in Fig. 19 is one method, a slight variation of it being 
10 ptovide each coil with a pair of pins K, so that the soldered con- 
nrctions are indef»endeni of one another, and replacing a coil would 
ill no way interfere with the iwJjustment of that on either side. This 
in an advantiige, but two pins have to be screwed into each block. 
Another way is to slip the bobbins over the pins themselves, which 
tliercfore act as supports for the coils jind connections to blocks as 
well. 

The resistance wire (double-silk-covered) is not w^ound on the 
Iwjbbins in a continuous helix, for then each bobliJn would become an 
electro- magnet on tlie jKissage of a current through it and would act 
iDrtgnetically on any indicating instrument in the vicinity, so making 
oKtiervation very ditlicult, if not erratic. To overcome this dithculty 
the wire is doubly wound, as indicated in Fig. 19, so as to be non- 
inductive ; and this is done by carefully jointing togetlier the two 
free ends of the resistance wire on two reels, iiisuLlating tlie joint and 
then winding the rociuisite amount of double wire on to the bobbin, 
«qrJi as A, Fig- 1 1>, off the two reels together. 

Thus the current enters one end of such a coil, flows round it in 
one direction to the loop or joint K, Fig. 19, and then round in the 
K opposite direction. ConsoqucTitly the magnetic effect due to one half 
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of tho coil neutralises that tliie to the other h^ilf, and no external 
magnetic inHuence is producetl by the coil. The bobbin thus wound 
is adjusted carefidly to the ref|uirod resistance in the manner to be 
indiwited later. It is then thoronghly dried or baked in a suitable 
drying oven to get rid of any moisture in the insulation, and finally 
soaked in a bath of melted paraffin wax, which excludos all moisture 
when the coil is cold. 

Fig. 20 shows the general appearance of a standard parallel-phig 
resistance-box made by Messrs. Nalder Brothers and Co., of London. 

To economise space the coils 
and Itrass blocks are arrange*! in 
two rows as seen, and the plug 
on the extreme right is usually 
the * iiitinity ' phig. 

Spiice will not permit of a 
description liere of the different 
fonns of p}ug-toi>s employed 
with such resistance - boxes, 
some of which, pfirticularly 
dial ' form, enable the resistance lioth Ui be 
The author, moreover, must 
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that known as the 
varied and totalle<l up more rapidly, 
be pardoned for digressing from usmd custom in not describing, 
with one exception, some of the many uses which these resistance- 
boxes can be put til in the measurement of current, pressure, resistance, 
and power ; suffice it here to s;iy that such will be found fully 
described in tho author's works entitled rrarfkid Elediical ffding in 
Pht/sir$ tuiil Klrdriciil Efttjinrenng^ antl Ehdiiial Eiiginerrimj TaMing. 

The Wheatstone Bridge. — The exception referred to above is 
a specially arranged resistiuice Iwx called 
a Whciitstonc bridge ; and tho arrange- 
ment of this, together vdth the principle 
involved in the use of it, is of such 
extreme importance to the electrical 
engineer that a description is indis- 
pcnsjdile. 

The [principle, which wiis developed 
or brought into pnictical use Vjy tho late 
Sir Charles W hcatstune, and is evolved 
from an application of Ohm's Law (p. 65) ^^^ 
to divided circuits (p. 84), is as follows : — 

Suppose that a source of electric curi'ent B be connected through 
a ib-vin- K fni i.i:d<ing and breaking ciroiiit, to two points a and r 
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which is a divided or parallel circuit ahc and nt/c. It will be 
obvioud (p. 48) that, since the two branches join one another at the 
points a tind /•» for every point in the bmnch abc there will be some 
point in the other brancli tuk having exactly the siime potential, 
If now b and d are any two such points of equipotential, and they are 
connected together electdcally through a current-detwting instrument 
or ^Ivanometer G, as it is often cidled, and also through a key Kj 
similar to K^ then no cun*ent will pass through G, ie. from b to d, on 
dosiug Kj, as the non-deflection of G will prove, o\Wn^ to there being 
no dijfrrfmr of p<:>tential (p. 49), 

Thus the current flowing in nh %vill be the aame as that in k, and 
tlie cunvnt Mowing in ad will l>e the same as that in f/<, when G 
LridicHt08 no current in the cross path ImI. 

Now let Tj, r.» fj,, r^ be the respective resistances of the paths 
rtA, Ar, cd, da ; and let C^^ C, be the currents through aU and Hiic 
roftpectively. Also let i\^ v^ and r^ be the potentials of the points 
0, Iff and c respectivelvt when v,, will also be that of the point d. 

Then we have by Ghm's Law : — 

' '•i r, ' 




c.='., 






or by division 
whence 



ri=^*or^=^, 



r,rj.=r.x. 



Thiii may b© termed the hnv of tin- Jf^luahttMe hridge ; and the 
bridge itself, we see, is an arrangement of six conductors joined three 
;ether at four points. 
The above kw, it will be obacn'ed, still holds even if B and G are 
interchanged in jiosition. Conse4]uently balance — t.'', the iidjustment 
the amiB r,, r.^, r^, i\^ as they are called, so that G does not indicate 
cun'ent — is unatFeeted liy intcrchringing B and G. We ma\ 
now indicate the way in which a resistance can be uiwisured by the 
H Wheatstone bridge. 

B Suppose r^ to be the unknown resistance to be metisured, and 
^blat standard known resistances (Fig. 20) are inserted to compose 
^rne remaining three amis r^, r„ arul t\ respectively. Then to make 
B a measurement, suitable known resistsiuces are inserted in f,, r.^ and r^, 
the key K* now pres8e<i, and r^, r.^ and r^ adjusted so that on piessing 
K, in aildition to Kj G does not deflect. 

Tlirn %rr have *'j^'*'''t' 
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The Imttery key Kg must always be pressed before the galvano- 
meter key K^, BO as to allow the currents in the anas of the bridge to 
attain their steadj' strengthe before the galvanometer key K^ is closed. 
If a highly inductive circuit is being measured, this may take several 
seconds, due to the phenomenon of inductance {ride p. 104). 

It must here l>e noted that if r^ is in ohms, r.^ will also be in 
ohms, no matter what units r^ and r^ are in, so long as they are the 
same units. 

This fact makes it possible to employ what is called the 'metre 
fonn ' of Wheatstone bridge, in wliich tide (Fig. 21) is a stretcheil 
wire 1 metre long, of uniform cross section, and r, a resistance-box 
as before, d is now a moving contact by which a point such as d 




Fin. 2i— Mntre Bridge. 

can be found l>y trial, having the same potential as h. Thus the 

unknown resistance r^--^. r^, and - is now a ratio of the two lengths 

of the wire either side of the sliding contact d, 

A common form of metre bridge is shown in Fig. 22. It consists 
nf a base board a little longer than 1 metre, and some 20 cms. 
wide, roughly, to which is screwed, in this insUmce, five separate thick 
copper strips. The end strips are l>ent round at right angles, and 
between the extremities is stretched a platinum-iridium wire 1 metre 
long, indicated in the figm-e by the white line. Capable of sliding 
over this wire throughout its whole length is a spring tappiJig key pro- 
vided with a terminal. Contact can therefore be macle with any point 
of the wim hy pressing the key, the position being noted on a metre 
scale as shown. The' three intermediate copper strips are provided 
with terminals at their extremities and middle points, as also are 
the end strips. Thus four gaps in the line of strips are formed, 
enabling resistfincea to bo connected across them. For ordinary work, 
however, only two gaps, one either side of the centre strip, are 
needed, in which are connected the unknown and standard resistimccs 
res{>ectively, the two remaining gaps being bridged by massive copi)er 
strips seen in Fig. 22, of negligildy small resistance. From the 
previous remarks, then, tlio position of the sliding key will be d^ and 
the centre terminal of the middle strip h, while <i and c will be any 
corresponding pair of terminals on the remfiiuifig strips. 
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The rc/i(Jei* is, however, referred to the sjiecial IxKjks mentioned 
on pug© 90 which deal with this all-important subject of mcAsiire* 
ment, where all the princip;il methods of, and precautions to be used 
in, measuring current, pressure, resistance, and power are fully 
described and explained. 

The formation of a Wheatstone bridge by separate resistance- 
rrs in the majiner above mentioned would, in the majority of cases 
rt with in practical work, be 
inconvenient To obviate this, 
three of the arms ami the two 
keys K, and I\., are arranged 
compactly in a somewhat similar 
U) that met with in an 
kry resistance-box. This 
diagrammatically in 
l» ami in the correspond ing 
general view. Fig. 24. 

Referring to the former, 
which 18 lettered so as to exactly correspouft with Fig, 21, it 
will be seen that the arms nh and adf adled the pj'oportional arms, 
euh CQiiaint of three resistance coils of 10, 100^ and 1000 ohms 

respectively. This is 
in order to obtain al- 
ways a very simple 
and convenient ratio 
of r, to rj (Fig. 21). 

The remaining 
three rows, comprising 
16 coils and one 'in- 
finity * plugi form the 
adjuHtablo or balanc- 
ing arm of the bridge. 
The unknown resist- 
ance is Tg, to Imj raoas- 
ured as l>efore. 

The d<jtted lines 

from aam.U(Fig, 23) 

are permanent con- 

nection.s inside the 

box to the under contact studs of the spring lever- tapping keys Kj 

and Kj, which can bo clearly seen in Figs. 23 and 24. 

A double form of terminal is fixed at C and f/, so that the two 
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connecting wires which go to each of these [»oiiit.s need not \*e 
clamped under one and the same nut, there Uy risking a bad con- 
nection. Single terminals are provided att, A, J, and L, though in the 
normal use of the bridge h and A are connectoci by a stout co]ij>er 
plate. Since the 16 coils in the adjustable arm total 11,110 ohms, 
it will be seen that this bridge, which is known commonly ae the 
Post Office pattern, will measure resistances between ytttt >^ i or 
j^jth ohm, and ^ }^ x 11,110 or 1,233,210 ohms. 

The accurate range of measurement, however, for reaaons which 
will not be discussed here, lies l>etween about ^'^th of an ohm and 
200,OUO ohme. 

It may be well to point out that the kind of phtj-io\} adjustment 
already described is always used with standard resistances of the 
highest accuracy. 

For ordinary commercial or less accurate work some makers in 

this country and abi-oad 
employ sHding or rubbing 
switch contacts, which they 
state have a conductivity 
and reliiibility eiiual to 
that of well-fitted plugs. 

The improved form of 
dial resistance, with en- 
closed switch, recently in- 
tioduccti by Mr. 11. W, 
Paul, of London, is shown 
in hidf-side sectional eleva- 
tion (Fig. 25) and in half 
plan of the upper and 
lower sides of the contact- 
block disc (Fig. 26). The 
coils are wound on brass 
bobbins E provided with 
higs to which the ends of 
the coil are soldered, and with switch contact-plates or blocks D formed 
in one piece. One end of a snbstantial laminat^Ml swit^-h-bnish F makes 
a rubbing contact on the plates D, which are undercnt whore attached 
to the eVionite disc B so as to give good insulation and free circulation 
of air through the hollow core C. The other end of the brush makes 
a good rubl>ing contact on a central flange-plate A which support* 
the bobbins E, these latter being insulated by the ebonite disc B. 
It will thus be seen that the phosphor-brooze switch-spindle carries 
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no curreut, as the current passes between the plates D and A directly 
through F, The spindle can be turned by an ebonite knob O, its 

ition, and therefore that of F on D, being indicated by an attached 
pointer IL A screw ad- 
justment, seen inside G, is 
provided for taking up the 
weiar between DA and F 
in course of use. 

Every 'dial resistance' 
IS complete in itself and 
contains 10 coils non-in- 
ductively wound with silk- 
covered wire of low tem- 
peritture coefficient (al>out 
0*000008 per 1' C), which 
It so small as to render 
correction for ordinary 
Atmospheric changes of 



pen 
K 0*0( 
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^ temperature in this coun- 
try unneceaaary. Only G and 11 project through the ebonite ltd 
M which the values of the coils arc legibly engraved. The coils 
Itfe well baked, autl coated with shellac to render them pioof against 
the effects of hot or damp climates. The Universal JShunt^ illustrated 
in Fig. 33, is constructed on this principle. Dial and i>iirallcl re- 
sistances with open switch-contacts ai*e also made by dittbretit makers, 
that by Messi-s. II, Frank and Co., of Ifanovor, being shown in Fig. 27. 
Fault Localising Bridgfe. — Before going further we may give 
one important application (out of many) of the Wheatstone bridge 
principle for the determination of the position or distance of a fauU^ 
i,e. of a bad leak^ige or breakdown, from the generating station in arj 
trie main or cable. 

Tb« instrument in which the principle is applieil hiis recently been 
pnt on the market by Messrs. Naldc!" iirothers and Company, of London, 
and is known a& the portable Direct-Keading Fault-Localising Kridge. 

A general view of the instrument is shown in Fig, 28, and a 
lia^ammatic sketch of tlic arrangement and connections in Fig. 29. 
It consists of a somewhat massive guidc-har, terminating at one 
in a terminal L and at the other in a key K. A uniform 
itretehcd wire runs from the terminal F, along a scale, on one side 
of the guide-bar, and back on the other side. A portable jockey or 
key P can make contact with any point of the stretched wire, while 
ft sliding jockey S can be set at any position on its guide -bar, A 
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batterjr has one of its p(»les connected to a fixed terminal B, and 
the other to the earth or lead sheathing of the cable under test. 




Kh;, -27.— HUatiig-ConUct BeffiaUnc«>Box, by Mo«*r«. Ft, Frii?ik luul Co. 

The faulty cable is cminected to terminals F and L, and tbe galvano 
meter to those marked GG. 

To make a test, set S to the length of tbtf cable luop, and find the 
position of P at which no deflection on the galvanometer is obtained, 
\ty pressing down tbia jockey-key P at tlitTerctit positions on the wire 
and then tappir^^ the galvanometer key K. 




Flo. 28 

The reading of tlie position of P on the scale when luilance is thus 
obtained is the distance of the fault from the terminal F. The instru- 
ment, therefore, gives the di.stanue of tfie fault from the station by a 
simple Imkncing test, and the test is independent of the resistance of 
the cables (which is often not known witb ficenraev). In this wav a 
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<td tartfi^ short circi/U, or fault of appreciable resistance can be easily 
>uncL 

Shunts. — Kesiatances of krio\\Ti and practiailly wiisfcant values 
have another imj)OiXant a|tplication in piiictical work, which we will 
now consider. Suppose that it is desired to measure a certain current 

Ualvanometer 



<s> 



Lead 
Sheathing Q| 
or Earth ^ 






Fio. 29.— Principle and Comiectioms of Fttnll-Localising DrUlKe. 

electnciiy by m&nis «»f soun* indicntirii^ instnmieiit, or gahatiomftti, 

it is iiften termed, such iis that describeil on page 20 (i ; also that thin 
infttrtiinent is too sensitive to measure so strong a current when phiced 
in series vrith the fireuit, ie, its indications are always off tho scale, 
and cannot therefore be read. 

No«r the principle of parallel circuits considered on page Si will 
M that a second eirenit should be lormt'd bc'ivvL-en the tormiJials 

the instrument, Jind therefore in parallel with it, to act as a 
* bri>ath ' for the excess current over and above what the instrument 
ill meusiu-e. 

Such a by|>ath is usually termed a 'nhuni,' and it is so enni. 
tnonly employed in practice that it is important to consider M-liat 
resistiincti the shunt must have, rela- . 

avcly to that of tlie instrument, in 
ior that a pven fraction of the total 
"current may pass through the latter. 

Kcferring t«» lhi5 airangeiiifnt de- 
picted symbolically in Fig. 30, let A, 
A^ and A^ lie the currents in th<^ main Pto. »>,— riic^ory nrgimnt*— SywboUoa 
circuit, instninient, antl shunt respec- «k.t<.b of ivii.cipie. 

lively, and r^ r, the resistances of galvanometer and shunt, and 
V^, V^ tht* potentials of the two jjuints n aud h (the terminals of the 
instrument), between which it and the shunt are in parallel. Then 
the P.IX at the terminals of irtstniment or shunt ^ V^ - V^ ; and from 
Ohm*«i Law — 
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and 



But 

or 

and obviously 

Whence 

and .-. 
or 
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A = 



From this result we see that the galvanometer current Aj^ must be 
multiplied by the quantity ''^^' (called the mnltiplt/ing poyeer of (he 
shunt) in order to obtain the viilue of the totiil current A. The 
combined resistance R of shunt and instrument will (from p. 85) he 

Now Bappote it is known that the main cun'ent is roughly aboal 
five times stronger than a given instrument can measure. We then 
desire that A,, shall l»e ^ of A, and therefore from the above we have 

r» ^A„_ 



i. 



or 



J of that of the iiistrumenL 



i.e. the shunt resistance must be 

Obviously any standard known adjusUble resistance-box can 
employed as a shunt to an instrument if the resistance of the latter ia 
known. 

Special farms of shunt-boxes (of which there are several) are, how- 
ever, snpplieil with the more delicate instruments, and which usually 
have three shunts, for use only with the particular instrument. The 
shunts are usually arranged su that only the convenient fractions 
iVt rhi^ ^^ nhu *^^ ^he total cnrriMit passes through the instrument^ 
the remaindet- tbroujxh tlie shunt, depending on which is in use. 

To obtain this, the last equation shows us that the shunt resistances 
must be ^, ^^, and v^pr of that of the instrument respectively. 

One very common form of shutjt-l>ox is shown in Fig. 3l» and the 
diagram of connections in Fig. 32. As seen, it consists of a bras»i 
containing-caso having an eltonitc top and base. 
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To the top are fixed the five sepjirate segmentiil blocks A, B, L\ 
D, £ of a brass ring, which surround a central hn\BS block F. 

Two double terra inals, Tj, T^, are fixed to blocks A and B, and 
block B is permanently t:orinected to F. 
By means of the one or somotimes two 
plugs thai are provided, C, I>, or E can 
^^e connected to F on inserting the plug, 
and A can be connected to R 

The three resistance coils i\, /'^ 
mui Tjp ha\ing respectively I, ^\j and 
^(y the resistance of the galvanometer, 
are connected between the common 
block A and C, I», E respective 1}'. 
These resistances should ha wound with 
the same material its that used in the 
galvanometer coils, so that they vary in 

exact proportion with that of the galvanometer for any changes of 
tem|jerature. The shunt- b<jx i* connected to the two galvanometer 
termimils by short wires \\\ ^'. 

II a plug be inserted between A and B, the terminals Tj, T.^jand there- 
for© the galvanometer, are short-circuited ; but if the plug be inserted 
instead in one or other of the remaining three holes, say between 
i) and F, then the ^g'^th shunt is connected across Tj and T^, and 
therefore shunts ^''/^ of the main cuiTont past the galvanometer, 
I The shunt coils ty t\„ and /^ are wound to the requisite resistance 

B with the same material as used in the coils 

^^^a fW Wf of the instrument. This obviates any errors 

^^V / * pi that would otherwise lie introduced in the 

■ /XjjJfcTF^AT' s*huntijig power due to the ditTerent tempera- 

^ ture coefiicients of the two branches (vide 

75). 

Universal Shunts. — The chief dlsad- 
?antag« of the preceding form of shunt-box 
is that it can be iiaed onitf with the galvano- 
meter for wliich it was made. 

With a view to obviating this difficulty. 

Professor Ayrton and Mr. Mather ^ demised 

tlie fjrinciplc known ajs their 'universal sfmnt.* This device hm the 

It advantage tliat it is available for use with any •galvanometer, 

also gives a umsiant damping effect, thus reading correctly when 

userl with baliistic galvanometers (p. 20l>). 

• /V#4j fiw. i.K.H. and KUctridan, Vol. xxxil. p. t»27. 




•— nugnni of CnnticclloiiM 
of Shunt' Box. 
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The principle U sbown diagrammatical ly in Fig. 33, which indi- 
ciitm the connections of an improved form introduced by Mr, R. W. 
Paul a(ul illustrated in Fig. 34. 

The galvanometer is joined to the two terminals Gj, G.„ which are 

connected to the extremi- 
ties of a series of seven 
Hccunitely proportioned 
and adjtist««i resistances. 
The sum of all these = 
10,000 ohms, and wich 
bears an exact ratio to 
the total, such as 10 00, 
300, 100, etc., which are 
termed the sftuniing jnntrrs. 
The main circuit is joined 
to the terminals Tj, Tj, 
which in turn are con- 
nected in the Ikjx as 

F(o. 33,— r'riDct|il<' nnfl Counections of Uoivenwl Shunt. shovrn. 

If, then, the movable contact arm is on stud marked 100 say, it 




means that only 



10090 



or ijfjiih of the total current is passing 



thruiigb the galvanometer, ati€l so on with other studs. 

The instrument may be used us a ratio box foi* enabling a low-reading 
voltmeter (p. 230) to measure higher voltjiges. In this case the pressure 
to >«? measured is con- 
nected to Oj, n._j, ami 
the voltmeter to T,, T^, 
"vvhen it will be seen 
that the voltmeter 
measures known frac 
tions of the total V.B. 
Change of teinpeniturc 
does not alfect the 
multiplying power, and 
greater accuracy is 
obtained than with the 
previous form of shunt 
box. If the resistance 
of the shunt is not 

more than twenty-one '' ^^-^^ '»■»-' ^'-- ^' L".ivcr.»i sumu. 

times that of the galvanometer, the resistance of the whole circuit is 
varied less than when using an ordinary shunt-box. 
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Other foiTus of shiuit-boxes, foiisUtnt cun'eiit and otherwise, will 



found dceicnbed in the hilxiratory 
text-liook, Piaetiful EUrtrical Testin{f^ by 
the author. 

The employment of a shnnt with 
certjiin instniment« may, however^ intro- 
duce errors into the measurement, and in 



R 



e 



Fio. 3:1, — Diagnuii of SiiHi^li? Circalt. 



Other cases may not produce the desired aiicj laoked-for effect 

As an example of the latter case, 
suppose that we have a simple series 
circuit (Fig. 35), consisting of a resistance 
R = 27 ohms, source of E.M.F. (E) of 2 
volta, and having an internal resisLince 
B of 4 ohms, and a galvanometer G of 
,^ , .. ,, 999 ohms resistance, the connectinff 

Fm. *8-— Dwjcnim of S<uij|»li« Cuvuit ' _ o 

Ml.! sfltuni o«ivtti.owt*r. wifcs being of nt'gligibly small rcsistiince. 

Then by Ohm's Law the current (A) flovs'ing in tlur circuit is 

. total E.M.F. E 

^ = toSdl^sta«,;e = irrBTG *™^'^' 

fow consider the same circuit, but with the galvanoraster shunted 
(Fig. 36) with a shunt S of ^th. 

The main cii*cint current, Le. the current from the battery, is 



A = 



R^B + 



8(; 



27 + 'i + 9fi'» 130'tl 



0'0153. 



lenco shunting the galvatiometer has increased the main current 
from 0*0011)4 to U 0153, which, as we see, is due to the diminution of 



Sii 



the iftilvanomoter resistance from G to „ '-■ 

^ O + L» 

But the fraction of this totad cuirent wdiieh now Hows through G 
IB only g— ,j of the main current. Hence the galvanometer current 



R + B + 



80 

S + G 



-iT.^m'''''''' = Al^-C)-0153 = 0-00153 ampere ; 

atid this i» nearly as large as the previous toUd current, namely, 
000 IIH ampere. 

Thus it is ini|K)rtant to remember that under certtiin conditiong 
the dimiimtion of main circuit resistance due to shunting an instrument 




'^ 
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of the new to 



may so increase the total current that the fraction ^r— >t 

current is nearly as large as the original current, and hence the reatiing 
of the instrument is not diminisberl nearly as much as required. 

If R had been large, say 3000 or 4000 olims, it would be found 
that shunting would practically not have altered the main current» so 
that the galvanometer current would actually have been reduced in 

the desired proportioti, viz. gxo' 

Standard Low Resistances. — Up to the present no special mention 
has been made of re.*3istances having vabies below 1 ohm, and which are 

usually termed hw resistances. We may 
fonfine ourf3elves here to that type which 
is «vijusted to an accurately known value, 
and which remains amMavf under the 
conditions of use imposed on it, thus 
constituting a known .stfindard of low 
resistance. 

Such standards are usually con8tructc<I 
to cany large currents, and are mainly 
used in the measurement of other low 
resistances of unknown value and in that 
of current by potentiometer methods 
{vUk p. 22^). ' 

The materia! used in their construction 
18 usually w«7«^att«tt or a nukel-ri>ppcr alloy ^ which is thoroughly *an- 
nefded ' and ' aged * beforehand, the cross-sectional area of metal and 
the radiating surface being so proportioned that the eiTor in resistance 
due to rise of temperature {which is usually restricted to 30^ C.) 
caused by the passage of the maximum specified current does not 
exceed 025 %. 

For currents up to about 5 amperes, standard resistances are 
usually made in the form of open spirals of round wire, and are either 
exposed to the air or, when it is desirable to know their t-emperature, 
immersed in an oil-lMith provided with a thermometer. For larger 
currents they ai*u made of one or more broad or narrow metal strips con- 
ncctc^i in parallel brtween massive metal end-blocks to which the main 
circuit cal)le is attached. The length of the resistaoce wire or strip is 
in all cases made a trifle longer than that actuallj' required to give the 
desired resistance, and small jwff'nfial Ivrvwuih are connected at inter- 
mediate points on it, between which the exud resistance exists. 

Fig. 37 is a O*l-ohm standard resistance for a maximum current 
of 10 amperes, made by Messrs. Elliott Brothers, of London. The 



tng" 




Fm. 37.— 8Uii4«l«nJli-l-Ohin Low 
ReiKl^itance for 10 Amperofi. 
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itaoce is contained in an outer cAse having holes in the siiles, and 
ends are clamped to the lower ends of the two massive studs. The 




Pio. 88.^Htu)dcrd 50-Aiiiv^r« t>ow I; 



main circuit cable or wire can be attJiched to sweating thimbles, which 
are clamped under tlie hexagonal nuts on the studs. The smaller 






» 




^^f potential 



terminals between wtuch the exact resistance exists are also 
on the cover of the containing case, which is filled with oil. 
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Fig. 38 shows a staiidai-cl 50-anipere resistance made by M 
Crompton and Company, of Chelmsford. It consists of a broad strip, 
bent into a zi^znig shape to economise ppacc, find mminted on a light 
frame. The extreme cuds carry cable thimbles, and tlie two small 
potential terminals are on the top. This and all similarly construetcd 
standards for nse in the air are iixed on edge so as to facilitate cooling 
by convection, et-c* 

A 2000-ampere Crompton standard is shown in Fig. 39, and 




Kio, 40.— Sundnnl 0'0002-Oh.in Lovf BpiiisUiirH for ISOlt Ainpf-re*. 

eonsista of eight strips in parallel between the two thimbles^ the two 
potential terminals being carried on a terminal board at the lop as 
seen. 

A 1500-anipere 0"0002-ohm standaitl resistance made b) Messi 
Elliott Brothers ia illnstrated in Fig. 40, and consists of twenty-foiir 
8tri])S in parallel side b)- side between two massive metal cnd-blucks. 
Each of these blocks is provided with two bolts for damping tlie ends 
of the main circuit to. 

The potential terminals are shown at the left-hand side of the. 
base, and the cross-piece at the centre of the strips is for the pm 
of keeping them rigid and equally spaced apart. 
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Aeiniilar staudard to tliis (by the same maker) for 3000 amperes 
.* iresi stance of 0*0001 ohm, and would therefore have a fall 
of potential at its terminals of 3000 x O'OOOl, or 0-3 volt at the 
laaximum current. 

Insulation. — From what has been said in the earlier pages of this 
book the reader will at once see that to iitiHsc electricity it is not only 
necessary to provide some kind of p^ith for it to act along, usually 
bermed a conducting path, or biiefly a conductor, but also to provide 
the means, xisually called iiuuhitifm^ for restricting or preventing it 
acting along any other path simult/ineouely. Any substance which 
|)re%'ents the passage of electricity, either along or through it, in all 
but minute quantity is termed an insHlaffir or uohitor. The very best 
insulator known has, however, some conductivity, in the same way that 
the very best conductor has some resistance. 

The intnwluction of the higher pressures so commonly employed 
uowadays has almost simultaneously taken place >Wth the production 
of better and cheaper insulating material, without which it would be 
dangerous, if not impossible, to work with them. 

Probably next to that of the uctual production of electricity, no 
subject has received such widespread attetition as that of insulation. 
lis v;igt in4>ort;inco to the electrical erjgineer may bt^ juilged from the 
f*ct that both the production and utiliaatfon of electricity depend on 
sutticieney of insulation m one way or another. 

Properties of Insulating Materials — Iti order that any particular 
iiusulating material may withstand the various uses to which it may be 
put at the present day, itshowld possess the following proi>erties, namely-, 
it should be (I) a good insulator, i.e. should have a high insulation 
nce» which ought not to diminish much for any rise of temperatm*e 
that the material may have to undergo ; (2) waterproof and iion-hygro- 
tcopic, i.f?-. it should not absorb moisture of any kind ; (3) fireprrxjf ; 
(«) tough; (5) rtexiblc and not brittle, so as to pennit bending and 
tv^tsting ; (6) have a dielectric strength or rigidity sufficient to prevent 
rupture from 8i>arking at all ordinary temperatures; (7) easily obtain- 
able in any shaije or form, atid easy to Mork. A siibsttirice iwssessing 
ail these properties would be an ideal insulator, but probably no such 
Timtena) exists, one or more of the proi>erties being usually absent. 

Temjierature in all cases seriously diminishes the insulating pro- 
pertiea of a substance, and in abnormal amount may alter the chemical 
constitution of the material. On the other hand, the insulation 
rtsifttancc increases up to a certain point with the time during which 
it is subject to electrical pressure, or, shortly, to the time of electrifica 
tioti. With most insulators there is a greater change of resistiince. 
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due to change of temperature, alter long electrification than after a 
short time of electiificatio». The insulation resistance of many 
Biil>8tances, anii almost invariably of electrical cable insulation, is in 
this country taken after one minute's electriti coition, and after twenty- 
four hoiu-s' immersion in water at about 15"^ C. In this way a com- 
parison between the various kiniia of insulation can be m^wle. 

The specific resistance at a specified temportiture' is given for 
various important substances in Table VIII. The valties, however, can 
only be taken as merely approximate, owing to even a sh'jtijht variation 
in the composition altering the resistances considerably, and also to 
the eR'ecta of electrification and age. For instance, the resistance of 
gutta-percha increases very much with iige if kept under water. 
Mechanically flexible insulation, giving tolerably high resistance, can 
be obtaitied by treating fibrous material with linseed or other oil, 
drying, and finally thoroughly baking it. The same fibrous material 
treated with resin, shellac, etc., has difi^orent properties, being more 
brittle and liable to crack, while having a higher insulation resistance- 
Mica, though expensive in the better qualities, is usefl in very large 
quantities for physical and electrical engineering appliances. It is an 
excellent insulator, does not deteriorate with high temperature, and 
has a high dielectric strength ipr resisting rupture due to sparking. 
Mr. T. O, Moloney has fotmrl, however, that the dielectric strength of 
mica 18 reduced by fully one-half its normal value by lightly coating its 
surface with paratlin oil. Mica can be split into uniform sheets leas 
than 1 mil ( = j^\,„ inch) in thicknes-s but is brittle, and cracks when 
bent too much. It is also practically non-hygroscopic. JMany large 
firms make their own sheets of insulating material by cementing their 
irregularly shaped pieces of scrap mica together by means of thin but 
sticky insulating varnish made from shellac, resin, etc\ Sheets care- 
fully built up in this way with lap joints have a dielectric strength 
and insulation resistance nearly as higli as a continuous mica sheet, 
while being much more fiexibte and amenable to bending round corners. 
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^^^^" TABLE H 


ArrsDxtUATE. Values of Specific Remsta>'ce ani> otueu Physical Puopekties of ^| 


■ iMFOATAItT iKSlTLATOtlUI (ARRAyaKX> IN ALPHABETICAL OrDER) 


■ 


1 


Sl^eemo RiviiiUncH In MegohiM psr 


Temper' 
Rtimi ia 


\ 


^^^^H Sab0tanc«. 








m 


Cm. Cube. 


Inch Cube. 


•c. 


J 


Beosme (liqmd) 

BituMii cftble (CaUeiidar t») . 


I4xl0« 


6-22 X 10* 




460 X I0« 


177x10" 


16 




Cdaodl 


O'lxl0«tol-6xl0« 


0-039 X 10* to 0-59 xlO« 






Ebonite 


28,000 « 10« 


11,030 xlO« 


46 




4j1a» (flint) 


20,000x10' 


7874 X 10« 


20 




„ (ordin«i\ 


01x10^ 


35 0x10* 


20 




Gatu-p«rchii ' . 


1 26 X 10* Lo 460 x 10* 


0-99 xl0< to 177x10* 'J4 




M 


7000 X 10" 


2756 X 10* 




Hooper's compound . 


16,000 H 10* 


6906x10* 24 




Ice 


2240 


882 


-12*4 




ft » » . , » ♦ 


2S4 


112 


-0-2 




Iadi*rubber (Hooper's rule.) . 


15,000 X 10« 


6905 X 10* 


24 




(crtide) . 


10,901 xlO« 


4202 X 10« 


14-9 




(oitokeritod) . 


6001 X 10" 


2600:<'10« 


15-2 




^_ ,, (vulcaniaed) . 


3812 :< 10« 


1501x10" 


16-1 1 




^^H .. (Siamei/s sjieoisl) . 


41,148 xlO« 


16,200x100 


15 




■^r ,. (reined) 


16,202 X Ity 


6380 X 10* 


16 




■Rllr*. 


84 X 10" 


33 X W 


20 




nUinnt^* 


2490x10" 


981 X 10* 






■b" 


310 < 10" 


122 X 10" 






^■<' 


1240x10* 


481 X 10* 


30 




^^■^ .,, ij».i*{*?) 


' 2067 X 10" 


814x10* 


30 




(• M ) 


1727x10" 


680 X 10" 


100 




1 Oil *wbeiit«^ 


0*85 X 10" 


0"315x 10* 






■ lOlireoi) 


1 X \if 


0-394 > 10" 






1 Oiokent*' 


44.000 H 10" 


17.347 X 10" 






H P»p«r (jiArchnient) 


0'03xl0« 


0^0112x10* 


20 




■ {onlitiAry) 


0'048.'> X 10" 


0-01 9x10* 


20 




~ ' ,, And rpsin oil 


3000 < 10** 


1181x10" 


16 




P«r«/liu 


24 y 10* to 34 >t Itf* 


9449 to 13,396 


46 




P»rii.niM wiix 


34,000 xlO« 


13,385 > 10* 


46 




Rr- 


320<10* 


126 :< W 


18 




1 Shell. 


W00xl0«to22fi6xl0« 


3543x10" to 9000 A 10* 


28 




1 ValcAuiA«d libra (bUck) . 


«8xl0« 


28-6 X 10« 






I M (red) 




10x10" 


3-9xl0« 






(white) 




H X 10* 


6-6 X 10* 






Wood (ordinAry) 




rM2. 10* 


226 X 10* 










3690 :•: 10" 
1670x10" 


1453 X 10* 
658 X 10* 






1 vk'iiiint ... 


63 X 10« 


20 8x10* 






1 Jfot*. — The resistance per cm. cube of any substance ia 2 '64 times the reaastane* 




1 pvr inch cube. ^H 


1 Vulcimise^l fibre consists of paper treated chemically and afterwards ^H 


■ compreased and driefJ. It is very hard, and can be worked easily ^H 


H writh machine and other tools. It, however, chars when heated in ^H 


H iir to the higher temperatures and becomes brittle. Vulcanised fibre ^H 


■ it mthcr hygroscopic, and when dried is liable to warp. ^H 
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A list of special insulating materials recently iritrmloced is given 
in Table IX., nmny of these bein>; of foreign origin. 





TABLE IX 




*ECIAL AllTIFI'IAL ANf" UTllKR ImPOKTANT IKSULATINO MaTERJALS 


Common 


Use (akhanoed AlI'HABRTICALLY) 


Ambroin 


Litliin 


Sapho 


Armacell 


Litholito 


Sikx 


Ariimlae 


Muiison top© 


Slate 


Aslxistoa 


Megoiuit 


StabUit 


Bitumen 


Okmiifo 


Steatite 


CeUiibirl 


0/ite 


Talc 


DblitB 


ritrh 


Uralite 


Dititrine 


Porcelain 


Velvril 


IClnniii 


I'lesi^-sjiialin 


Voloiiite 


IvimiH^'llur 


Psyohiloi*! 


Vulcabestou 


Fill] ft Woard 


Resin oil 


Vnlcanite 


lusiiUte 


Khyuox fibre 


Wicksite 


I. sol it 


Riibellite 


WooHite 



Niiraeiical data in connection with tho physical properties uf most 
of the substances onumerated in the aliON'e table are scarce, but we 
may give some particulars of a few of them. 

Silr.r has recently been introduce<l into America, and consists of 
pulverised rock. It is used in the ft»rm of powder* being |3!icked 
round bare conduct'Orfl when laid in troughs or pilling. It is tion- 
hygroscopic, iioninrtannnablc, durablct and cheap in first cost. 

J'tdmbcsfon is a mixture of ruljbor and asbestos, which undergoes 
a special process. It is a goorl insulator, is unaffected by high 
tern pel atures, is non -hygroscopic, and is very hai"d and slrong, but 
has a resistance to rupture loss than that of mica. 

Diairim is a good insulating material, resembling rubber in appear- 
ance, and having considerable dielectric strength. It is non-hygro- 
scopic, flexible, and i>ossei>ses considerable mechanical strength, and is 
used by Messrs. Glover & Co. for insulating electric light oablea. 

Authroin is mostly composed of mica, resin, and amianth, wliich 
arc well ground antl mixed together and then treated chemically, 
being finally heated under pressure. Its specific gravity ranges from 
I "4 to rs, and it can Ijc moulded into any shape, and gives a smooth 
surface. It is unaffected by light, only slightly hygroscopic, resists 
acids, and is not much affected by heat or boiling water. Ambroin is 
stronger than ebonite mechanically, antl offera greater resistance to 
compression. 

frltni consists of nitrated castor or linseed oil mixed into a 
thoroughly homogeneous mass with nitrocellulose. It is intended as 



M 





ELECTKIGAL EESIST.AJSCE 



109 



I 



I 



«uhstitute for mdiaTuljber, and is more stable thr'iii eithef this or 
gutta-percha. The hardness of velvTil can be varied by the composi- 
tion. It is inrtammable, burning slowly but non-explo-«ively. 

A ne^r insulating compound has recently i)een introdnceil, consisting 
of granite chips, M^hieh arc cAlcined and mixed with kaolin, powdered 
fels(iar, and siifficient water to make a plastic mixture. This is then 
moulded into any shape or form, heated to nearly 1 700° C\, and finally 
gla2<d. It is practically non-hygi-oscopic, has great tensile and com- 
lireasive strength, and a high insulation. 

Ebonile and celluloid begin to soften in water at KiO F., and 
burn at 350^ F. 

OkuniU* stands tempenitnre extremes better afid with higher 
insulation resistance than any rubber insulation. 

Leakagre* — On page 105 it was stated that even the very best 
insulator, by reason of its possessing some slight electrieal condur** 
tivitj, allows some, though it may be a very small quantity of 
■ electricity to |>as8 it, which is called Imkage. 
H Now this leakage takes place in two ways : — 

^^^ 1- Through the mass or whole cross section of tlie insulation. 
^^B 2. Along the film of moisture and dirt on the outside surface of 
^^n-o insulation. 

^L^ Though leakage always tikes place in the above twu ways simul- 

^^Plmeously, we often find one ur other of them the main source ; for 

^(immple, I almost entirely results in the case of leakage from a 

lengthy electiic insulated caljle, whorens it is only 2 tliat is mnt with 

principally in leakage from the overhead trolley wire to earth iu an 

t electric tramway system. Here the outsifle of each of the stiain 
insnliitors is covered with a film of nmisture and dirt, which 
forms a conducting path far exceeding in conducting power thru 
through the insulator itself. The reader will not therefore have 
much dirticulty in seeing that ditt and mi>i.<fnre arc the two main 
eiii»mies of insulation, of which \\w latter is the princijkil one. The 
bc«t iuRtdation results with any insulator will be ol>taini^d, so far as 
dirt ii» concerned, when its surface is highly |ii»lished, for then dirt will 
have much greater difficulty in adhering to it. 

It ia unfortunate that many excellent insulators are hygroscopic, 
Le. absorb moisture from the air. The best results will, however, be 
obtjiined from those which are hygroscopic, l>y polishing the surface and 
then varnisbing it with a non-]jygro.5copic% highly insulating varnish. 

For example, glass is an excellent ins^ulator when cle^in and dry, 
but It absorbs moisture very soon. If coated with shellac varnish it 

mcs a fairly good insulator, so long as the varnish remains clean. 
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The shellac varoish should, however, be made with care, and consist 
of cleim hirapa of what is termed * button * lac dissolved iu pure 
alcohol. Under usual conditions of use, a dmn and ihy glass surface 
is a higher insulator than when it is coated with shellac. 

Paraffin wax is almost non-hygroscopic, and is frequently used to 
coat the end of an electriciil insulated cable to prevent leakage from 
the copper core over the end of the insulating covering to ihe outside 
and thetice to earth. In such cases, which usually occur in testing 
work, the clean paraffin wax, melted in a receptacle placed in a hot- 
water bath, should l)e painted over a freshly bared portion of the 
insulation at the end. 

Laws of Leakage of Electricity. — -Now it is obvious that the 
longer the path of leakage t!ie greater will be the resistance opposing 
it, both at the surface and in the mass of the insulator itself ; also the 
greater the surface, and therefore the grcat-er the cross section, the less 
will he the lesistance opposing leakage. The opposite, Iwth in the 
case of length and surface, must also bo true, so that we are able 
to formulate the following rules : — 

Let / and s he the length and surface width respectively of any 
insulator. Then the surface or insulation resistance wiU be 



If the insulator be cylindrical, .<; will be cc^rf/, where d is the 
diameter of the circular cross section. Whence the surface resistance 



will be 



J_ 



The resistance opposing leakage through the cross section of the 
material itself will be given by the rule on page 69, and 



= -^ oil ins, 



where A = the cross-sectional area, and p = the specidc resistance of the 
material as given itj Table VIIL page 107. 



If the section is circular, A ^ - 



f/- 



and the resistance becomes ^ ohms. 



/, /J, and il mu5t of coiurse be in simihir units. 

With fairly good insulators, surface leakage almost entirely eclipses 
in magnitude the leakage through mass, and is the main thing to 
giuird against, so that / is the factor to make as laj-ge as possible and 
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to reduce as much as is consistent with obtaining sufficient 
rigidity in the insulator. 

Now in order that /, the effective length of the path along which 
leakage may tcoke place in any insulating pillar or support, may be 
Urge nithout the support being UxU and consecjuently weak, recourse 
may be had to the form shown in Fig. 4L This consistSj as seen, in 
deeply grooving or corrugating the pillar from one end to 
the other, the depth of the grooves depending on the out- 
side diameter of the pillar. The iidvatitiigca of this con- 
struction are:^ — ^(I) The value of /, the effective length of 
iUfface from end to end, can e^istly be made at least twice 
that of a plain cylindrieal rod of th«^ same length ; (2) the 
support can be made stouter, and therefore stronger, with 
th« same insulation resistfince for equal length; (*t) in 

lUng the fiUp|Kirt the recesses will escape being soileil 
contact with the hand, though the outer lidges will be 
dirtied by touching, consequentlj- a continuous film of dirt 
\rill not be formed from end to end, and the insulation 
of the support will in a greiit measure he maintained. 
Supports of this kind are always tixed by metal thread- 
lerews ^ s screwed into the etuis. The hole required 
for the thread inside it should on no account be drilled 
right through the support, but only just so far as is 
neoeasary for obtaining a sufficient number of threads to 
etial)Ie the screw to get a tinu hold of the support, A 
hole right through the centre will in a great measure 
auUify the good iriRulatitig effect dyw to corrugatititi- 

Insulators for supporting Electrical Conductors. — We may now 
cormder briefly the main characteristics pertaiuing to insulators when 
ated for s^ppniintj electrical conductors, as distirigiiiHlied from the 
insulating covering of the conductors themselves. Supporting insula- 
Unrs arc Uised in the open air and also under cover or indoors ; but as 
the conditions of use in open air are so vastly mure severe than those 
met with under cover, any insulator capable of coj)ing with the 
former will all the more easily cope with the latter. We may 
therefore, confine our attention more particularly to those intendc<l 
for use in the open air for supporting bare conductors. Much attention 

of Iftie years been given to this subject by engineers with a view 
to enabling electrical power at high pressures to be transmitted over 
long distances with very little leakage. The trouble in the past was 
the somewhat wide variation of insulation resistance with the changes 
of weather, but this trouble ha« practically been overcome tiow by 
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properly designed iiisiilatorSj which are lighter and have better electrical 
properties und can be carrietl, even by good conducting supports, with 
eqnally gocwl results. The attriljutes of an ideal insulator are that 
it shonhl he : — (1) Hani hut not brittle ; {'2) made of a non-hygroscopic 
substance ; (3) made of an anti-acid-proof material ; (4) very smooth, 
to prevent accumulation of dust and dirt, and be easily cleansed by 
rain ; (f)) very strong, to enable it to withstand crushing due to the 
dead-weight of the wire when still and also fracture through lateral 
Htraii] when the line is swaying in a wind, or abra-sion by the line ; < G) 
to have maximum length of total surface opposing leakage combined 
with minimum periphery of trans verae section, or, in other words, with 
minimum cross section of raatcrial ; (7) constructcfl as to prevent 
insects from settling in any recesses and so reducing the resistance : 
(8) 30 eonstmcted that a flaw in one part cannot ruin the insulating 
properties of the whole insulattir. 

Material employed for Insulators. — Various materials have been 
used in the manufacture of insulators, such jis glass, ebonite, white and 
brown porcelain, white and brown stoneivart-, while for electric railway* 
and tramways a 8i>ecial compound is employed which is homogeneous 
and moulded under pressure from a plastic condition. It is well 
suited for withstiuiding rough use, being very tough, strong, durable, 
and hard Init not lirittle. Further, it is practically nun-hygrosropic 
and unaftected by climatic changes. 

Hitherto the main objections to the use uf gbiss hav^ l»een its 
hygi'oscopic nature, due lo the alkali in it having great albnity for 
moisture, and the liability which it has to 'fly * or split. Further, 
since the angle of contact between writer and glass is zero, a <lrop of 
water spreads almost indefinitely, thus creating a moist conducting 
libn which directly promotes leakage. On the other hand, glass in 
ceriajn qualities is one of the best insulator^, so far as lealcagw 
through its mass goes, and within the last three or fmir years 
insulators have been introduced made of a coarse kind of glass. 
The composition of this glass is a trade secret, but alkuline con- 
stituetits have been avoided, so that no film of water condenses on the 
surface. Further, the difficulty nf casting caused by this is overcome, 
and by a special anneiding process the liability of the insulator to 
* fly ' has been got over. Results of tests on these show that lM»th in 
dry and wet weather they are between two and ten times better in 
insulation than similar fiorcclnin samples, also that no brush discharge, 
at high voltage, occurred with glass as it did with porcelain, and that 
higher pressures were resisted better with the former than with the 
latter. In some jMirts of Western America where the air is exceptionally 
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fpure And dry, |)uwer is tmnsmittetl ut GO, 000 volts through wires 
insulated only by ordinary telegraph insulators made of ^lass. We may 
t)iei*efore conclude that the new form of glass insulator lias probably ii 
great future before it for ijisululing high pressure wires and even 
telegmpH \nres, seeing that with these surfaee leakage, eapccially in 

kji weather, is the main souroe of trouble. 

Ebonite is object ion able for aerial insulators, befanae it is costly 
«iid it» aorftice becomes acid. Owing also to min adhering to it, the 
«iirfaca soon becomes covered with a dirty and spongy conducting 
filnu 

Porcelain with a non-alkalino glaze makes an extremely gor>d 
iosulator. While and brown glazed porcelain, and stoneware or earthf^i- 
ware. ai*e l.»y far the two most widely used materials for line insulators. 
Porcelain, as now made, is the better and moat widely used of the two, 
owing to its insulating ijualities being much better than tho^^e of 
cjirthenware, and to them being to a great extent indepentlcnt of the 
OQter glaze. The material, however, varies considerably, and with it 
the insuluting propertii's ; and the matisrial under the glaze may even 
lie porotis and spongy, so that if this glaze cracks, myisture is rapidly 
absorbed and the insulator ruined. IJrown earthenware made from 
clay, btjing very hard and durable, is a good material for insidators, 
and i** cheap. Although it is incapable uf taking as good a glaze as 
iwrceliiin, the glaze is not so liable to crack. Porcelain, however, has 
a<l vantage that its specitic resisUmce is higher than that of 

lenware. 

The beat insulators are fuind-iumeil, and it<ft un/uJdedf as many of 
the eoinuioner ones are ; and it should be remembered that^ as surface 
conduction is the main troul»le in all iusulators, the point of first 
ini|jortauce in the condition of the surface. The higher the glaze 
the lH?tter, for then the njoisture dn>)>s off and the surface is moTt* 
thoroughly clean.sed by min. Now, in order to combine the two very 
inifyortant Attributes (5) >ind {(V) iuenUum?d cin puge 112, the most 
commonly uac<l iuHulatnrs are made in the form of a siinplr cup, or 
a% many as two an<l three cups, one insidij' tlie other. Therti are, 
however, many different forma in uhc, and :^pace will only permit <jf 
the description of some of those used cxtwnsivuly. Of the twu 
tli^iinct classes of insulators made, tmnu'ly (1) those used with oil 
Atul (2) those in which no oil is employed, the latter are the simplest 
b tronstniction. These insulators are mostly of the double -cup 
form, the single- and iriple-mp fmnis nnt having been adoptetl to 
any great extent so fiir in practice. Multiplecup insulators of thia 
iUm9 arc made either in one piece or built up of cups made sepamtely 

f 
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and iiftiTwartIs cfmeiite*! together. The latter arrangement is to Ije 
preferred, because si Haw in one ciiji does not utterly ruin the whole 
insula tur as it might if this were made in one piece. 

Fig, 4*2 shows a conmion form of Post Office Telegraph insulator 
oi' the dorible-cui) or shed type. The galvanisetl 
vMovight-iron bolt (not shown) which carries it has 
a jagged end, similar to that of the Ij^jIi diown in 
Fig. 46 at K, for the purpose of l>eing gripped by 
3^f\ ] the cunent. This end is cemented into the hole 
1 I K II, whifh \s provided with two aniuilar grooves G, 
I / 1 ' ^ ^*^' *^^*^ purpose of keying-in tbe cement. As seen 
-^ » (Fig. 42), the two cups B and C are made in 
one piece, the liody of which has a circular groove 
A A to which iho wire to be supported and insulated 
is fixed. The lip of the outer cop B^ at least, should be shaped as 
shown, so that drops of water banging from the rim are meiely blown 
a little way up the bevelled edge inside wthout being broken and thtis 
wetting the inside of the insulator. The jiath of surface leakage 
from tlie wife at A to the supporting bolt is in the direction of the 
arrows^ and is of considerable length, as it 
should preferably be. Moreover, the inner 
cup G, being shallower than H, is mostly 
dry, and therefore insulates very highly. 
This form of insulator, often called a ' ter- 
mitia! in:nilahi\,' is nearly always made in 
white glazed porcelain, and measures about 
4^" high ■< 3i" outside diameter. 

Fig. 4H illustrates a triple -shed glazed 
porcelain insulator for high-pressui-e electricid 
transmission of energy. As seen, there are 
three di.stinct cups made in one piece, and the interior 8 ia sci-ewed 
for the reception of a screw -threaded bolt. Such a *scirw-Mt' 
insulator, as it is called, wliether of a single- or multiple-cup form, is 
all but universally adopted on account of the facility with which 
renewals can be matte. The form in Fig. 43 ia often called a ^hp- 
ffrooif ' insulator, on aceotuit of a groove T being provided at the t4>p, 
usually to take a cable -f or 1" diameter. It also has a side groove 
fut, and the path of surface leakage is as shown by the arrows, l>eing 
extra long, and conscfjucntly giving extra high insulation. An in- 
sulator somewhat similar to this, and of the triple-shed form, when 
tested with an alternating pressure having a constant rate of revei-sal 
of 50 periods per second, and ranging from oOOO to 50,001) volts, hfis 
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»wn by Mr. R. M. Friese ^ to have an insulation resistance 
about 1000 luegohtns and nn electro-static capacity of 0*000026 
microfarads. 

A somewhat similar insulator to this last one, made of highly 
vitreous porcelain, ju id intended for high pressures, is supplied by 
Messrs. Bullers, Ltd. It is of the trii>le-shed lypt% 
but tlie lower iwrtion of the innermost cup extends 
bc!ow the lowest edge of the middle one, tind that 
of the btter below the lowest edge of the outermost 
eup. It is stated to be extremely strong and tough 
Atid suited to all climates, while its insulation resis^t- 
ance is s*iid to not depend on the outer glaxe. 

A simple but very effective 'oil' insulator is shown 
in Fig. 44, and is of the single- cup tyj>e. It will 
bo scon that the lip of the cup l»cnd.s up inwards, 
fonuing an anrudar channel in which a non-ovapomlivti highly 
instilating oil O is placed. The insulator is often mufle with a ta/r 
yroofie^ though only one at the side is shown in the figuie, Eitlier 
a «crewe<l or ceraente^t jagged bolt is used, and the illustnitiou 
indicates the latter Any leakage of ciurent from groove to bolt is 
ehown by the arrows, and has to takt* place acrttss the clean surface of 

the highly ijtsulating oil O. 
The insulation I'esistance of 
this class of iusidator is con- 
sequently high, and it is there- 
fore well suited for high-pressur*' 
lines. 

Kig. 4r> illustmtes the form 
•)f Phillii^s'soil or fluid insulator 
supplied by Messrs. Johnsnn 
and Phillips to the Oerlikon 
Company for the transmission 
of powei at high pressure 
hctwecn Kriegstetten and 
iSolothiu-n. The line, 8 kiln 
metres long, consists ul bare 
copper conductors snppnrte<^l on these insuliitors. At a pressure of 
2(K)0 volts the leakage was practically nothing, thus showing thi- 
perfect insulating ipialilies of this form of insulator. As will be seen, 
iiismadr in two distinct put*, A and B, which are cemented together 
a* indicated at C. The outer cup A is practically the cover, and is 
• KlrMntifthn, Ztil»cfir. 24. pp. 1028-30, Dec. I90y. 
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provided with lx>th top and side grooves. The inner |«irl B is 

provided with a screw-tliread S to enable the insulator to be screwed 

<>a to a bolt, and on the outer periphery of B are formed three annular 

channels or cups, P, Q, and R, in 
which oil k placed. Leakage between 
conductor and bult takes place in the 
direction of the arrows, bnt has now to 
cross three distinct oil surfaces in P, (^, 
and H. 

Another fonn of Phillips's fluid 
iiisnlator. in three pieces, with sliding 
cup, is shown in Fig. AG. The outer 
Clip A has a side groove and a section 
sitiiilrir to that shown iti the figure. Into 
this is cemented the cup B, the lip of 
which dips into a third ur sliding cup 
C, which like A contains oil. A bolt. 
R has its jagged end K cemented into 
the inner cu]> 15, and supports the 
whole inatilator. The sliding cup C is 
lowered to be filled with oil, and then 
slid up K, being 6npfK>rted in [joaition 

:is shown by a pin (p) which pfisses through the side of the bolt. 

Tlie direction of leakage is as shown by the arrows. 

It is sometimes necessary to provide an inisulator with protection 

against malicious injuiy by ;ittachiiig 

it to a metal cap. Fig. 47 shows 

such an arrangement, or a hooded 

insulator with what is called a V' 

pigtail nr hook. The hood now sup- 

iwrts the insulator, and is bolted to 

tlie post. 

When heavy conductors luive to 

1)0 supported, a diffctent form of 

insulator for standing the heavy 

strain is often used. This is com- 
monly known as the shackle insulator, 

and may be of the Huid ty\w ov 

otherwise. The tiuid or oil type of k^. 4T.->i«t.uc«,. tu.nhior 

such an insulator is shown in Fig. 48 in side and sectioiinl elevation, 
;in<l is of the ilonble-cuf) form. As actually depicted, we have \\hiii 
is known us ilic r^7»//j^ -shucklc fornj. con2^isting of two porcelain 
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Ifttoi'S I, !<, euch lieing clani]»e<) lii'twecn Uir e»nls of a pair nf 
kanised wrought-iron straps S, 8 l>y the stuui iron bolts shown. 
The other enJs of the atmps S are drillcHl with holes to take a stout 
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holt, which passes through the hole in the projecting lug B of a clamp. 
clamp is in two halves, atul when these are liolted together the 
P is firmly gripped. The cable W iii bent once round each 
tiisuUtor and hound by small wire, as at 
h, h^ a hK>p 1. being formeii Irjich 
shackle insulator I is free to swivel on 
the? \ito\i at B, and hence such an arrange- 
meot is a convenient one to employ at 
comers, and it will l>ci seen that the 
holts through each insulator practically 
Uke all the strain. 

Bare aerial mains or electrical con 
iluctors are Vnmd to the grooves of 
insulators such a^ those shown in Figs. 
<2 to 48, or T\u\ as indicated in Fig. 47. 
In the case of insulated cables^ however, 
thi« uietliiKl would damage the insula- 
tion on the ciible at the insulators, due 
to friction introdnced l»y the cable 
swaying to and fro in the wind. In 
*iich a case the insulated co|»ptjr cable 
k suspended by a special form of sus- 
pender from either a solid <»r stranded 
tteel cable canied by the insulators adopted. One form such a sus- 
Iiender takes is shown in Fig. \^. Here the copper cable is supported 
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ill what mav be termed 



an mug noose mu 
iluulile eye of steel carries the tlioi 



A ijplit 
suspension wire, 
without any pint 



hi out of a leather thonj 
ig and hangs on the steel 



Thus the copper cable can swin^ in 
tf its itiBulation being chafed. 




^iLT^':stIONs ox ch after iv 

{Supjtktnrtit fttl Jn9iPfr9 leUh Hkdches lehen poifsibff,] 

1. What current will nii E.M.F. of 100 volts aend through an ulectrio tin 
5 ohms resihtaiu'e ? 

2. A circtut lias a resistance of 2 oil ins, and the current flowing through it is 10 
amj>eitf!<. Find tliu RM-F". 

3. If the c'irciut in the hist tjuetttion had a liack E,M,F. of 50 volts, what nni*t 
the Vftkie of the imprt'sscd E.il.F. l»e f 

4. Wlmt will bo the reeistunie of ft circuit which ctti-riea 100 amperes when the 
1\D. at ita teiminala is IQO volta ? 

5. State tii6 laws of re»bUnce fui any electrical circuity and show how they can 
be ased for tinding its resistanoe. 

G. A conductor, composed of a material having u tenjpfitntnre coefficient = 0*3SJ>y 
j>er degree Oentigrade, has a resistance of 1000 ohms at If/ C. What will be it« resist- 
ance at 30° C. I 

7. Find the rise of temperature neces&ar}' to cause a resistance of 5000 ohms 
lise to 5200 ohms, 

H. An oleetiicAl circuit is constructed of two different materiaU in series, oii« 
having a resistance of nO ohms with ii temperature coeiRcicnt (T.C.^ = 000389, the 
other of 3000 ohms with a T.O. =000044. Wlmt is the combined T.C. of the who! 
circuit ! 

9. Find the combined T.C* of tin? two matciials nieutioneil in Qnestion 8, w 
placed in parnlkl. 

10. What is the cond)ineJ resistance of three circuits of 3, tl, and 9 ohms resj 
ivcly ID parallel ? 

11. Fitifj the cotnlitncfl re»iatanc<» of a circuit cou^wsed of 3 ohms in series w 
a parallel lombination of 6 and 9 ohms, 

12. Wlmt must l>e iho resistance of a shunt so that I'nths of the total cnrren 
may |>as9 through a g.ilvanometer of 1000 ohms resistance ? 

13. Wli&t fractions (tf the total cnrrt'tit pas.t through a galvanometer and s»hun 
respectively, when their resistances are 5 anil *20 ohms f 

11 Find the uiultiiilyin^ power of the shunt in Question 13. 

15. If the current through a galvarjonieter is to be iJSath of the total eurren' 
wluit nmst he thit ratio of the shunt aud galvanometer resislaneeHT 

Ifl. Find the current vvltich Tp L-uhmche rells (in stiries), each having a reaistanco 
of 2 ohms ami an K. M.F. of I '47 volts, can send throngh a circuit comprising n 
galvanometer of 2li ohms reaistanoe, shnnleil with u Jth shunt, there being 10 oluo* 
in a rcaistanec-h4ix eonnocted in series with the circuit. 

17. A pair of feeder luains, eac)i half a mile long, h-ive to ileljver 100 kilowatt* 
at 440 volts. What cross section tniiHt they Imvr so that tlie loss in them tnay not 
exceed 5 % of the jvower duliviTed ? (1 cubic inch of eojiper has a resistance of |nl 
microhm.) (Pi-eltm. 1902 of the City and Guilds.) 

18. Slate Ohm's Law, and say whether it ap|>lie.s aceurately to varying or alt 
iiating currents a? well as to steady currents. 11" not, why not ? (Prelim. 1902.) 

19. What is lueaut by *drop ' on tdectrie conductors f Hnw does the crosasectii 
of a conductor^ and the cnrreut passing through it, atfu^rt the dro[t f How is the 
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11*^.1 aiu- ^>( a c«rUin drop in a. givi;ii cAse alTeotetl by the voltage of the circuit ? 
<P«]tm. 1901.) 

80. If the resistoiice of a cubic iiirh of coiipr is O'tJ'i miorohra, and the diamvlop 
dpMoh of a ]«ir of wires be 064 inch, what lenj^th of circuit ran l>e used so that 
ill* drop shall Ixs 2% wlien the juvsisme Vietweon the wires at one end is 200 voUs, 
and the current fiowiug through lamps cooiiet'ted betwetm the wirea at iht* uther «iid 
if 2 amperes ? (Prelim. 190L) 

21 Aa electric glow lamp Ukin^ O'S amjiere when suppliwi with 100 volta at its 
terminals Is connected with 10^>.voU constant- pressure niaitia by means of 2 leads 
hftring t4>gether a resistance of ^rd ohm. What will \h> the current throagli this 
lamp connected alone, and also when 1, 2, 3, 4, 5, and 6 exactly similar lani[iB 
rwp««t)vely are turned ou in {larallol with the iirst, a^nming that the resibtance of 
th« c^arbou filament remain constant at all eurrents ? (Prelinu 1{K>1.) 

22. Tliree lengths of cable, of wliieh the resistances are respectively 0*035» 0*025, 
and 0'013 ohm, «re connectetl in parallel and used to carry a current of SO ampere*. 
How much of ibis current llowss through each nf the tlireH cables, and what is the 
P.l>. between the ends of the combination ? (Prelini. 11)01.) 

23. What is th« approximate refistancc of 1 mile of No. Id S.W.G. (O'OtiJiuch 
diameter^ hi>rh conductivity copjK'r wire ? What current will How if its ends art- 
09nn«-'t*<i with a f>air of terminals having a P.D. ol .'tO volts f The rt-sistanee of 1 

mib« of copper - 5 rda microhm, (Prt'lim. 1903.) 

24. A |Miir of cables, each 100 yardn lojig, supply 350 tim|»cfes to a distribtiting- 
box, and the 'drop' in the cables is fi voUh. Whit would l»e the *tirop' if the 
corrent was red need to 22r» ^ {Prelim. 11*03. ) 

25. Why af« shunts for »en.<»itive galvanoniet4?rs us^nally .*, «^j, and rjp of the 
fffgjfTaTt*** of the instrument I Of what nmterial should nuch bt> made ) itive reasons 
for your aniwera. (Prelim. 11K>3.) 

20. A group uf ten CO-watC UOvolt Umpn is HO feet from the d is tributiug- board. 
What mUHt l« th<f diameter of tlie wiress hO that the fftll uf prewure between board 
■ml lam]Mi »hall be I'l voltn f (Prelim. ll»03.} 

27. How doM the resistance of tlie following substancea vary with thb tempera- 
tw : — Carbon, copper, jjlass, giitia'pei-elm, irun, mangAnitt, plntinoid ' (Prelim. 

vm,) 

2.**, A group of twfnty-Hve Hi-c.]>. lOO-volt lumps, each tJikiijjK[ Ofifi iiaipere, are 
mo from adynamo I»<i yania away. What must be the iross s«ctiou of the cable if the 
•drop' i» not to exceed ^ volt? (The resistance of a cubic inch of copp('r = 0t!t> 
microhm.) (Prelim. 18U7.) 

S9. .K 90- volt 8'C»p. glow lami> in aeries with a resistance is placed acnws 100-v«.»lt 
•tant-prc»Mire maimi. On applying a voltmeter Iwlween the lamp tcrniinals to 
MBCTiaili if the i^ressure is runect the light dintini^hes. Ex[»tuin fxai-tly how tlutt 
iCcttn, iPr«lim. 1?^1>1>.) 

90. flow would you readily cftlculatf the resistante of circuits made up of a number 
_«Ct«pftnt« known resjatancejs joined in multiple arc f (<)r«l. T, and T. 185»7.) 

91. Calculate the value of the rej-iatancca rcfiiiired for the j'nth und ^^qth cnn.stjint 
luc ahunts for a galvanometer of r^OOO ohms resistance. (Ord. T, n»t«l T. 

1W7.} 

82. Wlial would be the current in milliamivercH aent by a lOoell bichromate 
liattrry through a rcHintance of 100 ohms, each cell of the battery Intving a refiistance 
of 6 ohms f iOrd. T. and T. 1.S07.) 

39, iViK'rilte the best forms and materials used for insulators for aerial telegraph 
liUM. <Onl. T. and T. \mi,) 

34. In a water-power plant the dynamo, which proilnces a fixed P.D. lietween its 
linuinalt t>f 120 volts* ia 300 yards away from the houH*. The usual load consists of 
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200 lOO-vult 35-watt glow lamps. What sue of leads should l)o used it* the vet 
ance of an ioL-h cube of ooiiper be 0*66 niicrolini ? (Ord. 1897.) 

35. A compoiuid- wound dynamo |»roihicinj»a tennitml ?.D. of 150 volta is us*d h»" 
charge 60 Htorag<5 cells, Rach having an E.M.F. of 2 2 volt* and a resistance of 0001 
ohm. If the leads joining the dynanto ;ind culls have a resistance of 0'2 olim, what 
will lie the current gfn«mted T (Ord. 18tl7-) 

36. The key for a Whcatstone bridge niakos two coutacls in succeisiou. What 
are the circoita that are cWed by each of these contacts, and is there any reaison for 
closing one befors^ the other I (Ord. 1897.) 

37. You are re<|iiirfil to construtrt a resistnnce-box for ordinary use. What 
nmterinl should tlie wire bt* coiiriw>sed of? What resistance would you make the 
coils have t What g.m^CK of wire wauld yon employ for the different eoila ? How 
would you adjust thein 1 And what arrangement would you constmct for (nabliDi; 
the iiutnbm- of coils iu tlie circuit to be altered in the ordinary use of the box " 
(Hous. Sect. I. 1897.) 

38. Write down the names of tht* following elements in the order of their eo| 
ducting power for eleetridty: — Gold, aluminium, carbon, coip]»er, iron, bUmutb, 
plttuiuiin. (Klec- Metal). Ord, 18117,) 

3&. .Stat^ the j^enpral elfecLs of alterations in temperature upon the electric 
conducbuieu of pttre metals and of aijucous solutions. (Elec-MetalL Hon«i. M 

40. A j^radual change is found to occur with ebonite. What is the cause, what 
elFect does it produce, and how can it he [ureveiiled Tf I'Hons, SecL I, 18t>8.l 

41. Give sketches of tlit; parts of a resistance- bix with which a resislarne of I to 
10,000 ohms i.iin l* obtaiueil. Give a H.st of the re.s|wctive resistances of the variuua 
coils, and describe in detail the precautions to ho taken in the construction »nd 
the use of the box, so that any resistance may Ihj truly that indicated on the Ik*! 
(Houa. S«ct. I. 1899.) 

42. Describe a ' nniversRl shunt bo jc, ' and discuss its adviuita^a and disadvai 
tages as compared with the oitiinary shvmt box. (Hons. Sect. I. 1899.) 

43. Stnte wliat infurmatiou you ]iio>4sess regaitJing the relative advantages 
india-rubber, biiumitioiis compounds, ami impregnated tihrous rnaterialfl as materii 
for insulatinj[{ underground eonductoi>. (Hons Sect. 111. 18V»0.) 

44. A dynamo tuaiutaiiting a coHMitant pressure of 220 volts bctwe«ii its termini 
supplies a power of 18,000 watts to a house 200 yardn away. What must b« l^ 
••msa section of the copper of the lends so thai not nioie than 4 7. ^^ the tiowi 
may be wasted in them * (Resistmne of an in^di cube of copper may betaken as 0' 
microhm.) (Prelim, isy9.) 

45. Discuss the relative merits ami detnerits„ electrieal aud niochauu'al, of 
following nmterials for use in iiiaulating llie windings, conunuraior, hruhh-carrier 
terminals, etc,, of dynamos for pressure up to 500 volts ; — l*resHpahi>, mica, ebonitt 
vulcauij^eti fibre, cotton, ami jmitcr vmiiished v;'ith slielhtc, or clutli tieutt'd wil 
bulled linseed oiL (Jive Bomc examples of cases wlu-ie nne or wilier material wm 
be preferable. (Huns. Sect. H. 1900.) 

46. If you had to select two forms of insulators for two aerial lines, "tie of whi^'h 
had to Ik; erected in n dry and the other in a nioiwt climate, what two forms vvonlil 
you select ? (Ord. T, and T. 1!) 0.) 

47. What is meant by the 'aj^tecilic resistance' and 'specific electro-static 
capacity ' of an insulating substance, and how ean ihey be measured 1 (Ord. T. and 
T. IPOl.) 

48. What is a mc^ohin, ami also a microhm « If three lengths of cable having 
respectively an insulation resistance of 300, 40U, and 50O nn^gohnia he joined in a 
continuous length, what will be the insulation resistance of the whole cable! (Ord« 
T. aud T, hm-l.) 
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t9. Having given a galvnuonietor the coils of which have 5000 ohms rc8iBUnr«, 
»tat« whut will be the resistances of ^V aii*^l toi- Blnnits. If a current were Howiiig 
^^^fough the galranoiueter coils, would the insertion of the i^, shiinl decrease the 
;tioD to iV^li itA previouB value T Give a reason for your aiiswcr. (Ord. T. and 

1«K)2.) 

50. If the diaraeter of au iron wire weighing 200 lbs. per mile b* 121 mils, yvhat 
will be the weight fier mile of anothi^r iron wire wlitrae diameter in 181 mils? The 
ranisiiiDce of the iiOO-lhs. wire is '27 ohms ; what is the resistanre per railc of onother 
wire weighJiig 400 lbs. f (Or<K T. and T. 1902,) 

r»l. Wliat luechaiiical and electrical qualities are required in (n) iron wii"* used 

ojien telegraph lines, {b) co|i|)or wire for open telephone line® ? (Hona. T. and T. 

52. Pr»)Te that the joint tesistanee of two resistances joined in multifile is the 
fvoduet of the two divide<l by their sum. {Hoiis. Tekg. 1{>02.) 

W. If the resistance of a length of pure copper wire at ^2'' F. be 10 obmSj what 
will be its resistance at 5'J F. ; hnving given 

Reaittance at any temi>erature 

t=H,^ Rgll + 0'0023708{/ - 32) + OO00OO0:j4.148(/ - d2f] T 

What will be the resistance at 12* F- T (Ord. T, and T. JOng.) 

Si. Explain the qnalitiea retjnired in a 'resistance coil' employed for testing 
fnirpo^eB, (five detail»i of the niaterial<4 that may be rnoitt suitably used and of tlio 
of manufactnre. (Houa. Teleg. 1903.) 

65. Kxpi-es» the rehitioiis in reganl to wires of circular wction lietween : — (1) 
ICO and diameter with equal lengths ; (2) weight ami resistance with eqtial 
diuo^er ; (S) length and resistance with equal weight^. A co|»per wire weighing 
l.'^l 11m. ItHH 9'6Hi ohms resiHtance ; an equal length of pure copper wire weighing 
I lb, WMuld give o reaistauce of IISS^T ohinii. Wlmt» in com pari won with pure copper, 
i» the pert-eiitap' ronductivity of the wire T (Hona. Teleg. ]&03.) 

5«. Four 200- volt glow lami*3 of 5, 8, ItJ, and 32 c.p. respectively are couufcted 
in parallel on a 200'Volt circuit Make a diagram showing the cooneotions, and find 
lh« current (laMsing thriMigh each lamp aa well as the current required by the four. 
' Inettictency of kaips S'fi watts per candle.) (Prelinn. 1001.) 

57. The i-loctrical installfttions of two detached building!*, one 200 and the other 
700 yardii front the source of supply, re^piire maximum rurrcnta ol IfiO und 50 
amperes rcsjwctivoly. What croas-aectional areas of eo|qHjr should be employed in 
the aupply lircuits to give 'drops' of 6 and 7 volts respectively at full load? 
Prelim- 1»0I.) 

r>8. Calculate the resistance of one mile of eop|>cr conductor having a cross- 
«*tional area of 0*137 sq. inch. <The resistance of an inch cube of copper between 
opposite facru is 0'6<1 microhm.) (Frelinj. 1904.) 

59. The M|teci(ied tesistance |ier mile of a wirii 0171 iuch iti diumeter is 13*5 
«Knis. What is the diameter of a wire of name description and length, the resistance 
••f which is 27 ohmsf (T. snd T. Ord. iyo4.) 

rtO. {tt) What is to hv uiiderstOfHl by the term * jlg shunt' of a galvanometer T 

(*) "What prujiortionale value would it have relativi'ly to the galvanometer! 

(tfji *G' Insing the re^istancc of the gah^anometer, what will l>e the resistance 

Wtween its terminals when the yfo shunt is applied 7 (T. and T, Ord. 

1»04.) 
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ELECTRO-MAGNETISM 



Thk iiiiigrit'tic effect of an electric current biis boon referred to on 
page r'}5, but no nttempt wa^ made t-o i»nlicate tlie principles under- 
lying it. The actual reason why an eli^clrif current should invariably 
be accompanied by the presence of a magrietic field is as much a matter 
of hypotliesfs as the nature of an electric cmrent is itself. All we 
know foi" certain is that an extreraely eloae connection exists l>etwee(i 
electricity and magnetisui, which is the foundation of the whole el< 
triciil engineering indnstry. ^\e shall therefore now consider the foi 
or forms taken by the etfcctn above mentioned. 

Magnetic Field of a Current in a Straight Wire,— Let us first 
take the simplest case, namely, the magnetic 
effect of a iinidlreciuKyil or continuous 
current .flowiTig in a sfniight conductor. 

If such a conductor ah is passed pei^ 
pemiicularly through a hole in the centre 
of a sheet of eaid board CC and fine 
lilijigs are sifted sjtanngly over the cart 
tx^ard, then, on sending a current through ah 
in the direction shown by the arrow, tl 
filings will arrange themselves in concentri! 
circles around uh, thus showing that a 
magnetic field surrounds the conductor. 
The dotted curves represent the paths of the 
lines of magnetic force and are concentric 
The arrow-heads on these curves show the directioo 
inos of force act or fiow when the ctinent tiows in tl 
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with lib. 

which the 

direction from h to a. 

If the direction in which the current tiows is reversed, the dircc 
tion taken by the lines of force is also reversed. The stronger the 
current in nh, the greater will be the nnnibi^r of lines of force pruduced. 
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i.<. the stronger will be the magnetic field and also the greater will be 
the distance to which the lines radiate. Now though in Fig. C}0 only 
■n element^ ao to speak, of the magnetic field is indicated, due to th*' 
current flowing in ab at the point where the plane of the carflhoanl 
cuts the conductor perpendicularly, yet it must Ijc I'eniemberod that 
the same effect is pro<iuced at every other point along nk 

ffrncr whenever a contimmis cmrettt of Aectrkiitj jiows thrmifjh n 
liraiyhi eotuiuctor, this cmuhutor u complMy smronuded ahmj ik whok 
hnfth hy a ryhndrical vunjnetic fifld Cimrt^nfric mtk it. 

If a conductor, carrying a sufficiently strong current, be dipped 
iftto iron filings, a quantity of these will a<lhere to it. This is of 
«»ursc owing to the lines of force trying to take the easiest and 
•hottest path, which is now through the filings closest to the con- 
ductor. 

Hand Rule for Directions of Field and Current.— Perhaps the 
iiimph'si an<l most »>a.sily reniemlwreil rule for tletermiiu'ng the direction 
of the lines of force for 
any (irrcetion of current 
is tliat shown in Fig. al, ^ 
ami is as follows :— 

(Jrasp the comhtdor 
itilh the rifjht hand in 
tuth a ioay that the thumh^ 
whm t tinted away from 
(he hatul, points in tfte 
<lirertii/n in which the. 
airrent uiffoinruj : then the direetimi alony the Jinffei's ttntkirds their tips i.s 
that of the lutes of mafptrtk ft/fce. 

In Fig. 51 the reader is looking at the l>ack of the hand ; but if 
instead it had Ikjcu the palm, the same rule being observed, then the 
nirrent would be flowing along the conductor from left to rights and 
the direction of the lines of force set up wouhl just be reversed. 

MagTi^tic- Needle Rule for Direction of Current — We can now 
understand the lichaviuur of a fieeiy suspended or pivoted magnetic 
needle when placed near a conductor carrying a continuous current. 
Itemenibering the fact that whenever two different magnetic fields are 
\t\ the vicinity of and itre capable of influencing one another, one being 
fixed and the other movable, the latter will always tend to move into 
ittch a position as will cause the two fields to have one common path 
in one iliroction. Now let Fig. />2 represent, in plan and elevation, 
a conductor e running north and south and caiTying a current which 
flows in the direction from N to S over the miignetic neciUe us ; 




Kto. 51. 



Hnnrl KhI'P foi dii^ctkuti uf P1«I(l diiP to a 
i^traight Current. 
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Fto. fit,— Deliet'tioii of 
Needle by Cunviit in 
Btmtght Wtrc. 



then, in order that the lines of forte due to ns aod the cnn'enfc 

may have a common direction and path, the north-seek lug pole 
^^,^^ of the needle must turn towards the east, E, which 

it does, If the direction of the current in c 
reversed, then the pole n turns towards the weat, V 
Tlu'fie actions will each be reversed if the wire if? 
under the needle, and it will be seen that they 
form a useful method of finding the direction of a 
current in a conductor^ if a raagnetic needle is 
available. 

Electro -dynamic Action between Conductors 
carryingr Currents. — The fundamental prinriples 
p set forth in the preceding pages will enable us to 
sec how two neighbouring conductors, carrying 
cuirent, will aflfect one another. Let tth and rtf 
(Fig. 53) i>e two conductors carrying currents, which 
How in the same direction, as indicated by the 
arrows. Then a magnetic tield will he created 
around each conductor, but the usual form of 
circular lines of force concentric with their resj)ective 
condiu'tors will lie distorted. Now in the space 

lietween ah and cd the lines due to each will meet, flowing in ojiposite 

directions. The opposition which they thus meet with will cause all 

those which would meet to Iw diverted along an easier (lath, viz. that 

shown, embracing hotii conductors, by the outer curved Hues, and in a 

direction indicated by the arrow-heads on these curves. 

Further,, the tendency of Hues of force to find the shortest path, i.r. 

the one of least resistjiiiee, will cause 

a force to be exerted tending to bring 

ah closer to r</, which is the only way 

in which their paths can be shortened. 

if itlf and ai were to approach one 

an* (then so close as to touch, the outer 

paths would t;ike the ordinaiy cir- 

ctdar concentric form. Wo thus have 

the following rule : - — Two jximlM 

nnuluctors irill atlraci tntf ttiu4hc}\ if the 

rurrents Jfoidmj in tliem mr Jlmnn^ in 

the same JirerUou. Tlie rule will of course apply either to two totally 

ilifferent currents and conductors, or to two difterent portions of 

the same circuit carrying the same current. 

If the currents How in opposite directiofis in the conductors ff and 
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r»4.— Elet'lro-dyniimlc Effect of 
Opposll* Currents, etc. 



Aft in Fig. 54, the lir»es of force due to the current in euch con- 
ductor BtUl continue to encircle it, but those of each field now have a 
coininon direction in the space between 
tile coiuliictors. The lines of force now 
teni] to push one another aside, and in 
endeavour to maintain ji puth con- 
•ic with their conductoi-s these last- 
tuuned are repelled uwiiy from one 
another We therefore have the fol- 
lowiug nile : — Ttvo jmraiUI rofuhichra will 
repel ont anoUter if the mtrenls floxdng 
in them are flowing in ojqtu&ik diiytiiom. 
Though the fields and conductors are shown in [lei-spective in liga. 
53 and 54, it must be imdoratood that they act in planes i>erpenditular 
to the length of the conductors at every point in their length. 

The reader will now bo able to see the way in which oblique 
circoils, or those crossing one another, will act on one another. Let 
ac and Id (Fig. 55) be two conductors crossing 
one another oblii:[uely at o, and carrying 
currents the directions of which are shown by 
the arrows. If A indicates attraction and \\ 
repulsion, then the cunductora will experience 
a force or forces tending to make them tuin 
;il»out o as a centre and tending to cause them to close u|i and coincirle. 
In reality they will tend to move hu tluit a and // approat:h one aiiftther, 
ii^ aliio c and </; and this motion will tend, not only to make the 
ciurents and conductors (wirallel, but also the currents to How in 
the same directicifh 

Masrnetic Field of a Current in a Coiled Conductor. — We may 
\\\t\\ cunsider the form of the uuignrtic field pr^idnccd l>y a continuous 
current flowing in a helical conductor, and which can be at once 
deduced from the foregoing principles. Let Fig, 56 represent a side 
>nal elevation, throuL'h a vertical iliamft^r, of a continuous sjiiral 
luctor r of three turns wound on, say, a brass tube T. 
If the current flowH round the conductor in the direction indicated 
by the arrows, then by the band rubi given on jMige 123 the lines of 
force produced in a vertical jilane around each conductor r at this 
point will tend t<i How, as shown by the arrowvbeads on their circidin 
paths, concentric with r. For simfdicity, only one line of force iw 
nhown in Fig. 56 around each conductor, but there would be >»everal, 
the iinmber depending on the current strength. Now it will be 
oUMTved that all the line?* have a common direction inside the hcli.Y, 
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ad ut //, and also outside it, iis at fl, but that between the turns, Jis at 
a, they have opposite directions. 

At such points as tr, therefore, the lines of force of two adjiK-ent 
turns tend to lu'utnilise o(»e another, whereas at h and fi respectively 
thL* lines of force have a common resultant line of force, which is 

really a tangent to the 
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curves at these points, 
and is nearly parallel to 
the axis of T. For 
eleaniesa this line is 
representetl by NFS, 
and the direction is 
similar tu that of the 
component lines pro 
ducingit. The number 
of such resultant lines 
of force NFS depends 
on the number of lines 
around each conductor, ij\ on the current strength. Thus the stronger 
the current the ^eater the number of lines of force flowing through T^ 
<iy. the interior of the helical coil, and emanating from the end N. 
These lines com[ilete their paths outside the coil, some at a consider- 
able distance from it, and re enter again at the end S. 

The south-seeking end of a freely suspended magnetic needle will 
be altractetl toward the ejid N and rejielled from end S» Hence, from 
the rules on page 4, the end N must be a north-seeking ma^ietic pole 
an<l S a south-seeking pole. But we see precisely the same general 
distribution of lines of foice in an ordinary liar magnet {¥\^. 2, p. 5). 
Consequently a spiral rn'ii or helix carrying a continuous cunnjut is a 
form of bar magnet. 

Magnetic Field and Polarity of a Solenoid. — In Fig. 56 we have 
merely indicated the principle underlying the production of the 
magnetic field due to a helical conductor, but not the actual distribu- 
tion of such a field. Referring ti^ Fig. 57, let an insulated conductor be 
wound roiuid some mm-nuftjuffic rml or mre bo as to form a helix of several 
turns as shown. Such an arrangement is commonly teniied a soltntnd^ 
niid if a continuous cunent be sent through it the magnetic field will 
take appruximately the configuration shown in Fig, 57. 

Now the ciirrent tlowiug in the solenoid in the direction indicatecl 
bv the arrows will^ according to what has already been said above, 
produce a field the lines of force of which all How through the 
centre of the solenoid and out at the end region N. They will then 
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iplele their paths through the air outside the solenoid and ervter it 
tin at the end region 8. The end N is therefore the rjorth- seeking 
pole, and S the soiith- 

•ccking pole, of the solenoid. * -/'•''-'--"' "V.T-..' *' ' . ^ . ', 

We therefore have the fol- » f • / /;V^''^^'-\v-V/.::::^J;^*;.V\ V ; : '• *; 
lonrmg rule : — //' on Ittokiuff \ \ \ ' '. [ ' ■ f ''.''■:: ::^::: :•'::-'; v, '•. ';; / / / / ,' ; 
asrinll^ thrtm^h n stttenoul thr 
current is ftmeintj in tht sum/' 
dirfction as timi in which the 
hands of a docJ^ mot^e (i.e. 
flochrijiie)f then the end nenrrst 
the ohsef^rr inll he a simih* 
ietXhuf f if tit. The converse 
is also true, namely ; — //' on 

in*/ ariuUy thrumjh a svlemnil the current circulators round it counter- 

r, then the en*i rienrest the obsrrrer will he o north-seeking pole. 

►ve rules are true irrespective of whether the tiuiia of the 

lou! form a right- or a left-handed helix, and are depicted diagi*am- 

ically in Fig, 5?<. 

Now it vril! be noticed in Fig. 57 I hut nil the lines of force pass 
through the interior of the solenoid at the eoiitrL* of its longth, i.*\ its 
equator, where they are therefore the most dense. Between the centre 
And emh they emerge from the sides of the solenoid, and only com- 

panitively few leave and enter the 
extreme ends. This is due to the 
endeavour of the lines of force to find 
the shortest and easiest {lath, the 
direct result of this Ueing that free 
magnetism is exhibited along the 
whole length of the solenoi*! except 
its central region, and that the poles 
are not at the extreme ends. A 
<M»)rnoid with a non-magnetic core, such as this, iw but little used in 
practice, so that \ve will now pass on to the eonsidcr.ition of the 
i^fToct of sulwtituting a ?nagnettc core insteJtd, 

xV solenoid havitig a core of magnetic muteiial is usually termed a 
«C»l«noidaleIcctro-magne^ and Fig, r>0 shows the very marked fdtcration 
la the distribution of the magnetic field by such an addition. Since 
any magnetic muteriul has many times the conclncting pijwer for lines 
oi force that air has, the easiest path nuw for the lines is through the 
ohole taujth of the interior or core, from the eufls of which neiirly all 
emanato, oomploting their paths in the usual wny through the air out- 
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side. Since very few lines leak out sideways, the poles are pi-actically 
at the ends, and their strength is far greater than tUoee of the 
arrangement of Fig, 57. In all cases the strongest jKiints of 
mugnetic Held existent in a non-closed or nnncontinuoiis inagni 
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Fifj. fiW— FfeUi of « Cormj Solenol««. 

conductor are those points from which the. greatest number of liti< 
of force tend to leak out into air ; in otfier words, the points at wbiclf 
the greatest amount of 'free' magnetism exists. Such points are 
termed tlic poles of the field {ru/f p. 5), aiid these are not usually at 
the extreme ends of the magnetic conductor. 

Consequent Poles, — A bar of magnetic material may, however » 
be wound in a special manner so that when magnetised more than 
two poles are produced. Fig. 60 shows such an arrafigement of a bar 
of iron, say, wound with, what may be regarded for simplicity, three 
coils A, H, and V, Apjilying the ride given on page 1*27 for the 
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direction of current indicated in the coils, we see that A and B wti 
eacli jjroilnce a north pole X at ff, while B and C will each give a 
south pole S at /'. The^e aie called * consequem poles/ and the 
direction of the niagnetic lines of force are shown by the dotted 
lines. There ia thfrofoie 'free ' magnetism at the extreme e.n<ls of the 
bar S and N as also at a and h ; in other words, there are two north 
and two south |»iiles. Consetjyent pules are met with in all ilynamc 
having double and multiple magnetic eircuits. 

Relation between Current and Magrnetlc Force Produced. — 
H Jiving seen, in the preceding pages that the flow of an eleetrk 
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It i'-> iiis.ui.ibly iiccompanied by the pmd action of a magnetic 
field or lines of magnetic force, and also the genoial fonn of the field 
8o produced in several instances, wo are now in a positioti Ui oan^ider 
the relati<m which exists between the strength 
of the current and the intensity of the njfigmjlie 
field produced. 

Let WW (Fig. 6 1 ) be a very long straight 
wire in which is flowing a current C, the return 
being BO far away aa to exert no magnetic 
influence in the vicinity of WW. 

To find the intensity of the magnetic field 
•ny point O, due to the current C in WW, 
will first consider the intensity at 0, due 
to a very short length ac. .loin Oa^ Or, and 
U to the mid-point b of ac. Dnuv rd jind Owi perpendicular to 05 and 
^VW respectively- 
Then the intensity I^ of the magnetic field at 0, dui; to the short 
h or elemexit nr, is directly « o/, and also to L', and inversely 
"^mf- Hence 

- edxC 

Xow the wire WW is made up of a large number of very 
•iBall clemeots audi as nc. Conse«[uently the total magnetic force at 
due to the wfrnle intr WW will be the mm of all the effects or 
<)QAntitic8, such as the above, of as many elements as compose the 
«'hole wire ; or, the total magnetic force I at O can be shown to be 
, 2C 



Fio, (U.~tiit«ii)ilty of Field 
due to curreut In a rtlraifrht 
Wire. 



m 



absolute imitj*, 



. 



»herc C is the current in absolute electro-magnetic measure, and Om 
•* the perpentlictilar distance in centimetres. 

The foregoing considemtion.s show u.s why a freely suspended 
•aagnetic needle (p. 124) tends to turn ;it right angles to a conductor 
Qirrjing a cun-ent ; for, the magnetic force at all points being per- 
pomiicular to the cyicluctor, its flirection of action must be everywhere 
a Ungent to a circle conct-ntric ^vith the ^vire, and having its plane 
{>er|»rndicuhir to the length of the wire. By means of the preceding 
fundaiuoutal proposition wo may now deduce results of great 
iopurtiince in connection with loojjed conductors. 

1^1 TQli be a wire, bent into a « ircle, and carrying a current C 
^^Hich tuters and leaves at P. 

Tn find the tf»tal intensity I at the centre O of the circle due to 
'^"? whole loop we may again consider a short length or element m; 
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Join itc, nnd from its midpoint /- draw iO, which is therefore the 
radius r in cms. of the circle and perpen- 
dicular to (f^ (hy Euclid). 

Now the intensity I, of the magnetic 

Held at due to ac is evidently, by the 

^^ above results, 

- ae X C 

But the circle PQR is made up of such 
elementft as ar, which iire ul! at the same 
distance from the centre O. Hence the 
maj^nctic force at due to the whole wire is 

, Pl^Ry. C 2irrxC 2wC 

If the current flows through n tunus 




aexC 



-ililviiHity lif Kifid (.lur- t» 

In Lofjp«i CoiHlvjclof*. 



wound close together, instead of only through one, then 

- 2iniC 
r 



Similarly, the intensity of the magnetic force at any point in the 
axis of the circular coil may be found. Thus : — Draw the axis O'O of 
the loop perpendicular to it^ plane, and through the centre 0. Join 
O'^, and let (fO — x in centimetros. 

Then 0'06 heing a right-angled triangle, by geometry we have 



or 



Hence the intensity of the magnetic field fit O' due to the elem 



J 



OCiB 



_ acxC 



«rxC 



This force, however, acts in a direction perpendicular to the plane 
passing througli 0' and b ; and its component along the axis O'O, which 
is the direction we are most concerned with in practice, is 



etc If C T\ ae X C 



But the sum of the several quantities similar to that la^^t given" 
for each of the elements such as (if* composing the loop give^ the tot^U 
resultant foixe I along the axis O'O. 

Magnetisiog* Force. —-The above rcsidi, important in itself, leaiJI 
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.*" io an extrem<?ly important futnlanienUil I'clution, as follows : — 

Ix!t SS (Fig, 63) lie a very long sulenoid of conipaiutively small 

dtAmetcr, consisting of a iiumber of turns (T) of iiisuluted wire woiuif] 

cJosely and uniformiy upon a tube of nonmagnetic nmterial. Let 

ihe mean mdiiis of the turns or 

winding, whether consisting of one or 

more Uyers, be r cms. from the axis 

nb. If a current C flows through the 

solenoid, the total intensity of the 

magnetic field, i.f, the magnetic force 

at some point on the ax id ah, near 

the centre of the solenoid, will \te given 

hy the sum of aa many such terms as 

r^"" ,,j as thei'e are turns T on the solenoid. Each turn, the plane 

of which is at a different axial distiince x from 0, exerts a magnetic 
force which is represented by such an expression aa ihe above, this 
forre decreasing with the distance of the tnrn from O. 

If / is the length of the solenoidal wiruling, then the sum of all 
the magnetic forces at O due to the same current in eai-h of the 

This is almost 



paODDOOODOGDODCq 
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Vir,. *.a.— H for t*oleiJoid. 



■lirCT 

tndiridaal turns can be written — t— absolute units. 



universally denoted by the letter H, niid is called the total imKjmtUing 
foTff of the fdnwuL But 1 ampere =j\j of an absolute unit of current, 
iU»d if C 18 the current in amjieres, we have 



H = 



4irCT_ l-257Cl* 

10/ " t 



or 11= r2<57 ■ ampere turns per centimetre length of axis, where / is 
centimetres and the product CT is called the nmpere turm. 
It may here be mentioned that for a given solenoid, H will be a 
itant for all eotnbinatiuns of C and T wliich make the product 
CT constant Thus 1 ampere through lOO turns will produce the 
miignetising force H as 5*0 amperes through '20 turns. The 
[tie for H obtained from the above relations is only true for 
ftolcnoidfi which are very long coraimred with the length of diameter, 
ami (or points on the axis. The magnetic force inside a solenoid is 
IjTWitest in the centre of the solenoid, and is a little greater near the 
inner turns than on the axis. 

If tlie solenoid is about 15 iliameters long^ the variation of the 
magnetic force inside to within about one quarter of the length of 
vtk from each entl is not greater than about 1 % of that at the 
centre. The fulling off lictween these points and the ends is due to 
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the demagnetising action of the ends of the soletioid on the magnetic 
field within. It may here bo noted that, since the interior o( the 
solenoitl is of non-magnetic material, the value of the nm>,'nL*tic — or 
nmgnetising — force M is the same as the number of lines ot force per 
square centimetre at the centre and for a certain distance either side of 
the centre, depending on the ratio of the length of the solenoid to its 
iliameter. 

Magnetic Circuit. — Assuming that the reader has ah-ejuly perused 
Chapter I. on magrietisiiij he will readily realise the meaning of many 
of the tonus or phrases used iti the present one. We shall, however, 
have occasion to again allude to some, and deal with others more 
fully, in the following pijies. Now, from considerations dealt with so 
far, the reader cannot fail to see that wliencver a current Mows either 
in a straight or a coiled conductor, the spico auiTounding it is the seat 
of the 80-catled i}utpwtk Jkld created by the current, and which com- 
pletely disappears as soon as the current stops. At everv point in 
this magnetic field a perfectly definite magnetic farct is set up, which 
has not merely a certiiin fixed magnitude or intensity for a given 
current strength, hut which also has a dcHnite diiection, acting along 
lines commonly termed lines of magnetic force, oi-, more briefly, lints 
of foire. Thus the spiice surrounding any conductor carrying a 
current is pervaded by lines of magnetic force, which are invisible, but 
whose presence can be made apimrent b}*. for instance, iron filings or a 
magtjetic needle, in the manner already indicated. 

Lines of magnetic force are eontinuoua unbroken lines throughout 
their entire length, and for the sake of convenience in treating the sub- 
ject they mayconventiojially be supposed to have a material existence 
;ind How in definite nund>er along a certain path in a given <iirection. 
Ill a similar mantier it has been found convenient to deal with an 
electric current {luie p. 35) ; mid as i?i this latter case the path taken 
by it was termed an electric cirt'mty so also the ptith taken bt/ /iw« of 
Jm'ce is mlifd a Mupuflic circuU. A magnetic circuit cannot, in many 
(^ses, be so well defined as an electrical circuit, but there is neverthe- 
less a most remarkable similarity l»etween them. Leakage from the 
main path or circuit occurs with each ; t)amely, of lines of force with 
the former, and of current in the c:ifie of the latter. This leakage 
obeys the same kind of law in each instance ; namely, that it follows 
fjaths of least resistance, and occui-s most at points in the main circuit 
which otter most resistance- lu Figs. 57 and 59 it will l>e seen that 
the magnetic circuit is most indefinite, rather less so in Fig. 5, and 
well defined in Fig. 6. Whatever form, hoivever, a magnetic circuit 
takes, it.s function is to curry the lines of foice, and, as in the case of 
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tiir (uriiit, its resistance can lie made almost anytliing we 

Now it 18 ciistoniaiy to speak of th<' totiit miniber of lines of force 
llireiiding through the cross fioction of a magnetic ciiciiit at any point 
in its length as the magnetic /w.r, though some people term it tlie 
toul induction in the ciroiit. The reader is strongly recommended 
to use the expression fiu.r for this tola! number of fines in order to 
avoid any possible confusion with another term, naniel}', iiuhirJioit- 
dcn^nfy or Jiuj^-dnisitift which is otherwise called by some people tlje 
indoction. This induction-density is the number of lines of force piissing 
ihrongh 1 square cm. or 1 square inch of cross section of the magnetic 
circuit, and is usiuiily denoted by the block symbol B. 

Magneto-motive Force. — At this stage it may be convenient to 
introduce a somewhat different form of magnetic circuit to that 
hitherto indieated, by means of 
which other well-known iiuantitics 
connected with a magnetic tircnit 
%y be dealt with. 

Fig. 64 shows the form in 
queiition, consisting of a circular 
ring K of non magnetic material 
bji\*ing a circidar cross section and 
doAely overwotuwl with contiguous 
tumii of insulateii wire in one or 
more layere. For convenience, 
only a few turns of the winding, 
which completely envelops the 
ring, i« shown at P. Thus we have a circular or endless solenoid in 
the form of a i:losed ring, {possessing no j>i4es. The magnetic field 
net up by the ctirrent forms a circular magnetic circuit, the mean 
piitb irt of which is the mean perimeter in of the ring K. Now 
let fTi be divide^! throughout its length into a large number of 
\itiris or elements «/», bc^ cil^ . . ., etc. of lengths /,, Z^, /.^ etc. re8|)ec- 
lively ; and let the magnetic forces at the centres 1, 2, 3, . , ., etc. 
of these elements, resolved in the directions of these latter, be 
K* ^ ^*s» • • '* ^^' Then /'/t ^ /'/^ + ^'A * ■ ■ ■> ete, throughout 
the whole length of uf is what is termed, in mathematical language, 
the Hm integral of llw iji4Ujiidic force^ or commonly the mtjfjneh 
wrt/i« /orcf (usually abbreviated to the letters M.M.F.), along the 
line m. If now our solenoid is uniformly woinid, which we 
have assumed it to be, the magnetic forci^ is the wime at the centre 
(4 each of the very short elements, or, in other words, it has a 
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uniform value in tbo direction of the mean pfith of the magnetic 
circuit. 

Hence in this case we have 

A., = Ay = A3= . . . etc. =H, 
the nmgnetisijig or magnetic force due to the solenoid, 
M.M.F, =m/i4-/^+/,+ . . .) = «/, 

where the sura of all the elements /j, Z^, /.j, etc. of the mean path is 
equal to the length / of this path. Now on page 1 30 we saw that the 
total magnetic force due to the wholo wire, itt any point at a dietaneo 

r from the axis of a stndght wire carrying a cuiTent C, whs ". units, 

If we draw a circle round the wire of radixis r from its axis, this 
circle will represent the path of a line of force of length I 

Hence by the preceding proposition the lin& integi'al of the 
magnetic force right round this circle^ Le. the 

r r 

Hence the M.M.F. along the line m (Fig. CA), which threjids through 
T turns of the magnetising coil P^ is 

4irrT 

M.JLR=^p =1-257CT, 

where C is now expressed in anipcrea, 1 ampere being = -j\j of a C.G.S. 
unit of current Thus we sec that unit M.M.F. ie given by injo» ^^ 

0*795 of an ampere furn. But we have already seen that the 
M.M.F, =lM = (oi(il inAgiiflisiiig force, 

where / is the mean k'nglh of the magnetic circuit. Therefore the 
magnetising force per cm. of mean length of the magnetic circuit 



i 



H 



M.M.F, 
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Mag"netic Potential. — We are now led to a stage at which it is 
convenient tf> consitlcr another quantity connected with any magnetic 
circuit, and which, unforttujately, ia nmch more difficult of conception. 
This is Matjmiic Poteniiid. Now in the transformation of any one kind 
of energy into another kind, a certfdri force is invariably exerted, 
resulting in a certain amount of work Ijeing done. The latter is there- 
fore a measure of the former, (hi page 15 we defined a unit magnetic 
pole, and the intensity of any magnetic field is measured by the force 
in dynes which it exerts upon &ucli a unit pole. \Vc have also seen 
(p. 17) that 4 IT lines of force emanate from n unit magnetic pole. 
Conaequentl}' one ampei'e turn in C.G.S. measure creates unit polo. 
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Now the fundamental ilcfimtion of magnetic potential is tliat it is 
meuured by the work done in ergs in moving a iinifc mugnetic pole 
against the magnetic forces. Hence if a unit polo travels along any 
mmjurnctic circuit surroundecl by one turn carrying one ampere, the 
work done = 47r ergs, which is a measure of the magnetic potential 
created by that one current turn. Thus the total magnetic potential 
c^ such a circuit*, for instance, as shown in Fig. 64 is 47rCT, where 
C is the current in C.G.S. units tiowing through T turns. In othiM- 
words, the line integral of the magnetic force round the mean path w 
(Fig. 64), i.e. the M.M.F., is the work done in taking a free unit 
nsagnetic pole once completely roiin<L Thus the total ditterenee of 
magnetic potential in a magnetic circuit is equal to the M.M.F. acting 
on that circuit. 

As in the case of electricity we have seen (p. iO) that no current 
can flow unless there is a difference of electric potential, so in the case 
of mtignetic fields no lines of force are produced anrl How unless there 
Is tt differmcf of magnetic ix^teiitial It will therefore he seen that 
magneto-motive force — the extreme dilTeroiicc of magnetic potential 
u\ a magnetic circuit — is an exactly similar <piantity to electro motive 
force — ^the extreme difference of electric potential in an electric 
circuit: a M.M.F. causing a flow of lines of force, an K.M.F, causing 
a flow of current. 

Ma^rnetlc Permeability. — We have already seen that nil mhsiance$ 
\ud electricity to a certain extent, — some very readilvt others very 
lly, — and that their conductance was one of degree compared with 
eorae sul>stanc6 taken as a basis. Conversely, all substances offer a 
certain resistance to the pissagc of electricity, this resistance being 
likewise one of degree. In magnetism we have preciselythe same kind 
of liehaviour; for all substances conduct lines of force to a certain 
5nf> — Rome very readily, others \^ry |R)orly, — and thisi magnetic 
luctance, as we may terra it, is one uf degree ordy, compiirotl \nih a 
subfttmice (in this case, ardinatynir) taken as a standpoint and unity. 
Conversely, therefore, all substances offer some resistance to lines uf 
mii^ietic force, which resistance is also one of degree merely. 

Now whenever a M.M.F. acts on any substance whatsoever it sets 
up an effect termed mmjnetir itulwti'm, and the <|uality of a substance 
in virtue of which this 4»fl'ect takes place is termed its mmindic indue- 
HvUy or permeabilitfj. Thus if the sami> M.M.F. protluces a greater 
flux in a substiince A than in finother one B of exactly the samti f<trm, 
A would be said to have a grciiter magnetic i>t'rmeability than il. 

For iron and steel (in all forms), nickel, cobalt, manganese, chromium, 
ceiium, titanium, many ores and salts of these metals, and for oxygen 
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the magnetic cofiduct.ance, or, as it is sometimes called, the prrmeance^ 
greater than that of air, i.^. greater than 1. Such substances 
termed hy Faradiiy pt^rnmnffiutk, while all other substances, ineluiling 
liquids, which conduct magnetic lines more poorly than air, ho termed 
duwuiijnetk. 

Of the paramagnetic matenals, soft annealed Swedish charco«il iron, 
very hard Allevard steel, mild cast-steel, and ordinary soft wrought- 
and castriron are the most important and widely used materials for 
magnetic purposes at the present day. 

Now, as in the case of electricity, 

1 



electric couducUnce- 



electrical reststAQce* 



SO 



(mmgnetic cuuduotance or iiermeiUice) = 



(magnetic resistAiice or reluotanoejl 

The magnetic permeability, usually represented by the letter 
IS the magnetic conductance of a magnetic circuit of unit length and 
unit cross-sectional area ; and it is the reciprocal of specific magnetic 
resistance, which may l>e denoted by p. 



Hence 



or =-. 



1 



Laws of Magnetic Reluctance or Resistance. — These are simitar 
to the laws given on page 6ii for electrical rosistjtncc, numely, magnetic . 
reluctance or resistance K is : — hI 

1. Directly proportional to the length / of magnetic circuit. ^* 

2. Directly proportional to the specific magnetic resistance p of the 
material composing that circuit. 

3. Inversely proportional to the cross-sectional area 8 of the circuit. 
In symbols, we have 



Law of the Magnetic Circuit. — Now 
liave seen (vide p, 66) that 



in an electrical circuit wc 



the total current: 



tlie total E. M. F. acting 

the total clectrioal reiislance 



Likewise, in a miignetic circuit we have 



the total flux: 



the to tal M. M . F. aoting 
tbe total magnetic resistance' 



Expressing this most important fundamental relation in the 
symbols, we lind that if a given M.M.F. causes a total number of 
of force N to flow through a circuit of reluctance K, 
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N= 



M.M.F. 

R ■ 



Now consicier the fortn of magnetic circuit depicted in Fig. 64, 
consisting of a circular ring (of iron, for instjince) of circular cross 
section, overwound uniformly with insulated wire. If u. magnetising 
force H sets up a M,M.F. which produces an induction -density J\ 
und, further, if the mean length of the magnetic circuit he ^, its cross 
MCtioD S, and its permeability /j, 

then K = ^^-^^. 

Bttt R = |=^,andM.M,r. = H/, also N = Ba 



BS: 



or 



m m 



■ US. 



This is a relation of great importance inasmuch that it provides us 
with the means of determining the permeability /x of m/ignetic 

materials; for m^j.. and both B and H can bo determined ex- 
penjuentally. 

Agaiiif since 
And 



N = 



M.M.F. 
R 



M.Sl.F. = H/-4rCTH-10, 
whwt C ia the ciurent in amperes flowing through T turns, 

therefore the Hux n = ^— p c.G.S. lites of force. 

10 '- 

■ This Usl eipiation »ind that for B abovu are the two fundamenUil 
^^H^tions pertaining to ntagnelic circnits. The former, as it is bere 
^Mmtten, is strictly true for such a magnetic circuit as shown in Fig. 64, 

■ bat when applied to such a one as shown in Fig» 6, Bupi)08ing the 
~ magnetic fielil to l>e produced by a coil or coils of wire wmiiid on the 

tm'o limbs of the U magnet, carrying a current, t]jen th<' value for 
B requires modification. 

Here we are dealing with throe materials — the hard steel of NS, 
the air gaps, and the soft iron armature A. 

If suffixes m, r/, and a respectively denote tlie various quantities 
with these three parts of the circuit, 




K = : 






where 

JUld 



/, = the »nni of the two nir-Iengtlis cither rido of A^ 

^=^1 for theM gaps. 
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Hence fluxN = - /'^ -- lines. 
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This formula was introduced by Hopkinson, and is the one used 
in the design of dynamos and electro-magnetic mechanisms. It may 
be written in a general form, namely, 

where the symbol 2 denotes the sum of all such terms as g- for any 
number of parts composing the circuit. 

Before going further it may be well to familiarise the reader with 
the preceding principles by taking a few numerical examples, as 
follows : — 

Example 1. A solenoid 10 inches in length is wound on a wooden 
rod 2 inches diameter, with 2000 turns of wire. If a current of 
0*5 ampere passes through it, what is the value of the magnetising 
force and induction-density and flux near the centre 1 

Since magnetising force H = — . -j-, 

and in our case /= 10" =10x2 -54 =25 -4 cms., 

where l inch = 2'54 centimetres, 

„ 4. IT. 0-5. 2000 ,^rf^no 
H = — r-7 — -^ ■ — = 49 T) C.G.S. units. 
10x2o*4 

Again, since the solenoid has a non-magnetic core, the induction- 
density B near the centre is the same as H, so that 

U = H = 49'5 lines per sriuare cm. 
But the sectional area s of the core = ^^- = --^— • 

.-. the flux N = BS = 49-5x^-^lH^i^^'=1002 lines. 

4 

Example 2. If, in the preceding question, the core was of good 
soft wroughtriron having a j^ermeability /x = 300, what would be the 
induction-density and flux in the core ? 

Since IJ = /iH, 

by substitution we have 

B = 300 X 49 '5 = 14, 850 lines per square cm. 
.'. the flux 

N = HS = 14,850x''^'^^^^^^'''''^-^A'=30i,000 lines. 
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i.-..tu,jtU :\. A closed magnetic circuit of miM cast - steel luks a 
meaD length uf 50 cms., with an average cross-sectional aren of 20 
sqtiAre cms. It is wound with 1000 turns of wire, which carry a 
cturreDt of 5 aniporea. Find the value of the raagnttiaing force, flux, 
and inductioii'density in the magnetic circuit if its permttibility = 125. 

From page 1 34 we see that the mHgiietising force 

H.t'g=l-i57.-'-"^<'=1257C.O.S.«mU. 

Ivi kfU 

Hence the induction-density 

D = ^H=:]25x 125*7 = 15,712'5 lines per a4|iiarL' uni. 

.-. the flux N=B8- 16,712*5x20 ^314,250 line*. 

Example 4. In the last question, what would have to be the 
number of ampere turn^ to produce a totid flux of 50,000 lines of 
force in the a^inie steel ring, the perme/dtility fi being = 30001 

Since N ^ r»0,000, we have 

« N 50.000 ,,_^„,. 

B= g = — 2A~ = ^500 anei per square cm. 



Hence the magnetising force 



.'. the ampere turns 



4ff<:T_B^2600 
10/ ~ n 3000* 



^^ _ 10/ . -2500 _ 1 X SO X 2500 _ .^ 
4r. 3000" 12-57x8000 

Vom Examples 3 and 4 it will be seen that while in the former 
iiutaiice 5000 ampere turns arc reijuired to produce au induction of 
15,712 lines per square cm., in the latter only 33 ampere turns are 
needed to give an induction of :ir>00 lines per square cm. 

In other words, ^f^\}i of the number of ampere tiu-ns will give ^th 
the induction for the two values in question. This is due to the 
"cJiomitrtis decrease in the value of /x as the induction in the iron 
riwM. 

Open and Closed Magnetic Circuits. — In jmictice, two main dasses 
magnetic circuit arc met with, namely : — (1) C//J.W or nou'imlar timg- 
'iV cirtuiiSf or those in which the lines of force flow roimd a fomplete 
iron path ; (2) o/wi r/r pt^lar inatfndk eiicuits, or those in which the 
continuity of the iron path is broken by an air-space. One form is 
quite a» import^mt as the other in the practical applications made of 
th«m, but it should be remembered that the former type of circuit 
exhibits practically no free magnetism (p. 5), and consequently no 
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maj^netic leakage if the tlux -density is not t<:>o large. In the open 
type all the flux produced is free, thereby creating definite polarity^ 
Further^ that a greater number of ampere turns is required to pro- 
duce a given flux in the open than in the closed type for the same 
induction B in wich case. Closed magnetic circuits are little useti 
with continuous currenU* of electricity, but they are extensively used 
in alternating current appliances. 

Strikingly similar a.«i the considerations pertaining to electric and 
magnetic circuits appear to be, there is, however, a great difference, 
inasmuch that in the former its electrical resistance at constant 
temperature is independent of the current strength, whereas in the 
latter the magnetic resistance is wholly dependent on the induction- 
density B in the circuit. 

Variation of Magnetic Induction with Magnetising Force. — We 
may now consider how the magnetisation, i,e, the amount of magnetism 
or numbei- of lines of force, of a piece of magnetic material varies when 
the magnetismg force producing it varies. It is unfortunate that there 
is no simple relation between magnetising force applied and induction 
prwiuced, and that every specimen of magnetic material jiossesses 
a diiTerent relation. 

Now, without actually describing any of the several methods of 
measuring the magnetic induction produced by given magnetising 
forces, and which can be much better obtained from a reference to 
practical books on the subject (as, for instance, the author's Pracfioil 
Electrical Tfsling)^ we may assume that we can readily measure both 
tjuantities. A ttdde sho^ving the various values of magnetising force 
Hf' current and the corresponding inductions B can then be compiled, 
which is useful. The most convenient way, however, of seeing at a 
glance how B varies with H is tr* graphically depict it in the form of 
a 'curve,' obtained by plotting' to two rectangidar axes the values of 
fl and B. 

Let OC and 0(/ (Fig. G5) be two such stmight lines at right 
angles, or rectangular axes, as they are called, each being di\nded 
intct any convenient number of equal parts (not 8ho%vn). We 
will suppose that the magnetic material under consideration is 

very good soft iron, and that H (which = j^j^ ) varies from to a 

value Oil = ifiO in C.G.S. units. If the iron has not been previously 
imignetised, the value of the flux, which is cJtrectly proportional to the 
flux-denaity B, will = O before any magnetising force H is applied. 



' A detailetl tleHcriptioii of corve-plotUog will be foimd lu the hhIIioi's work aWve 
luentioued. 
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Next take any pivir of values of B and H from the table, and mark the 
poiiit Pj where the two perpendicular lines through the points repre- 
.jtenting these values B^ and H^ on the respwtive scales intersect. 
Repeating the o[)^ration for other pjiirs of values B.jH.,, Ci/, etc, 
we obUiin a series of pointa P,» P^j, ^, etc. Then on joining these 
Jatter points a curve similur to OP,P,// is olitnined, uhioh shows very 
elearlr how B varies with 11 at any stage of the magnetising process. 
For the material in question the length OC may represent a value of 
B= 18,000 lines per square centimetre of cross section corresponding 
to Or/, ie, H = 150 C.G.JS, units. 

Now from page 132 we see that the magnetising coil by itself, with 



¥ 
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OH, Ha Magnetisinff Force (H) <f 

rio. 05.— FmwUmwnUl Ma^dtitatlon Curvi'M. 

the iron removed, will give an induction B = H at any stage, so that 
the straight lino Oc will show the variation of B with different values 
of H» the coil alone producing an induction B = tk for H ^ i)d. If» 
then, from the perpendicular at any point, such as Pj, P^ et-c., ou the 
^.curve OP,P^7 we de<luci the intercept or portion of this perpendicular 
included between the line Od ami axis Of/, the series of points so 
obtaimid will lie on the dotted curve 0/. This latter curve 0/ 
what may l»e termed the net effect of the material alone. In 
Lt«rials having a high permeance, //, which = c/r, is so small com- 
parvil with tjd that the curve OPjPjj/ is taken aa the true magnetisa- 
iioM curve of the specimen. 

Studying tliis last-named curve further we see that, just at first* 
for a very small value of H ( ^ Oil,) there is a very rapid increase of 
intlqctiuii B ( - 0\i^), The curve then begins to bend sharply from 
this point P, to wmie other point F^ resulting in only a small incre- 
ntent of induction BjB^ for double or treble as much magnetising 
iorec HjHjj. From P,^ the increase of B is very small fnr very largo 
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increases of H, aTid at ^ we see that increiising H only adds very little 
to B, indicating, as is shown by the curve 0/ becoming nearly 
horizontal, that the iron is almost ' saturated/ and is iinnhle to allow 
many more lines of force to pass through it. The ratiiu increase at 
this stage is due to the coil alone. 

Fig. ^o therefore is a most important object lesson, in that, since 
energy is expended in applying a magnetising force, it is obviously 
uneconomical to magnetise soft iron to a value lower than that repre- 
sented by OBj, or to a value higher than 0B„ which latter value is over 




90 30 40 ao CO TO BO 90 TOO no 120 lao 

ttagwtiting Fotrce H In C.O.S. tiali$ 
VitK "W, -B anJ U Curves of MagnHlluUoM. 

the brow of the cnrve and near the saturation |>i)int, Tlie lines U/und 
Otf wouldj if the magnetising force 11 were incieaaed euHiciently, meet 
in a point which would bo the saturation jjoint of the iron, and at 
which its permeability would be the same as that of air- 
Fig. 66 affords a me^ms of rwidily comparing the shapes of the 
curves of magnetisation of some of the moat important magnetic 
materials employed in electrical engineering. The curves are plott4?d 
on what is termed squnred pujm', to the scale of the axes shown ; the 
heights of all jiointa on the curves, measured vertically, and other- 
wise called ordimtifs, represent flu.x - density, while their dist^mces, 
measured horizontally^ and otherwise termed ahatissa', represent 
magnetising or magnetic force. The curves are those for avei-agely 
good (luality materials as employed at the present time, and it will at 
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ncc l>e seen tliat of the siibstiinces represented, and, indeed, of jill 

agnetisiible materials, ^n*o Light- iron sheet and mild cast -steel are 
not only much alike in their magnetic property, but are also the beat ; 
further, that the harder a material is, the poorer is its magnetic quality^ 
r.^. «teel untompered but glass-hardened is extremely hard, while 
g one of the worst materials to employ for electro-magnetic 
fnirpoees. To see that this is the Ciise, wo have only to comiKire the 
indiiction-density in the various materials produced by a magnetising 
'orce H = 8ay 10 C.G.8. units. For wrought-iron sheet and mild cast- 
•t<?el B is about the same, \iz. 12,000 lines per square cm,; while 
for cast 'iron B=^4000, annealed steel .'1000, and glass-hard steel 
1()0U. For higher values of H^ however, the case is different: e,(j. 
when H = CO, the value of B with the materials, excepting cast-iron, 
is about the same, viz. 1 6,000 to 1 7,000 ; B for cast-iron now being 

nly half as great, or about 8000. The order in which they can be 
placed irj iiu'reasing magnetic merit therefore depends on the value of 
H Ustnl. 

The shapo.s of the curves for the two most fmpoiUttit of all 
magnetisablu substances, vh, wrought-iron sheet and mild tast-stcul, 
bIiow us that it is uneconomical in magnetising force eniployed to use 
lihcse materiids at a lower value of B than 11,000 or a higher one 

hnn alKmt 17,000, these two vahics being represented by points just 
iindor and over the brow of the hend of the curves respectively. In 
we »ee that increasing 11 from 40 to l:2n, ur threefold, only 
B frum 10,000 to about 18,000, or | more induction. In 
other words, thes^ materials are approaching their magnetic satui-ation 
jK>ints for H = 40 or 50. 

Variation of Hag-netic Perraeabillty with Magnetic Induction. 
— Now it was stated on page 140 that although the resistance of an 

electrical conductor at constant temperature was independent of the 
mgth of the current flowing in it, the reluctance of a magnetic 
conductor changed with every alteration of the induction -density 
in it. This ciiange in the conducting power is well iUustrated in Fig. 
fil, whicli gives the curves between fi and B for the three most 
important magnetisable materials of average good quality as met with 
at the present day. 

Comp»iring the permeabilities (/i), i.e. the specific magnetic con- 
ductancefi, we see that this reaches a maximum of alioul 500 for cast- 
iron at B = 1 800, of about 2 1 00 for wrought sheetiron at B = 6000, 
ftnd of about 3000 for mild cast -steel at B = 4000. Furthc^r, 

that from B = about 12,000 and upwards there i.s no diftbrence 
lietween raild cast -steel and the wrought-iron sheet. These 
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corves, particularly in the case of tbe two la«t- named materiale, 
show in .1 marked way how rapidly the perm(%ibility dimiiiishea from 
the maximum values as the imlnctJoii- or flux -density increases, 
Wc shall see presently that not only does tlie value of fi vary in 
the way shown in Fig. 67 when the magnetising force is gradually 
increased, but that it .also depends on the directum of and method of 
applying the force immediately ]n\-ceding any determination. 
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VatuuM of /ndacUon Dtntitii B In UniiM per aq. cm. 

Kio. rt7.— »i-BCttrvwi. 

Messrs. J. Sankey and Son» of Bilstoii make a special soft iron for 
the armature cores of dynamos, which for H = 2*14 gives B- GOfio 
and /A = 2800, but /* as high as 3510 has been obtained by thorn for 
B = 5000. 

Magnetic Hysteresis. — We may now deal with an important 
phenomentm mot with in the magnetisJition of magnetic aulwitanceft. 
Take, say, annealed steel, in the form of an endless ring (Fig. 64), 
overwound uniformly with an insulateii current-carrying conductor. 
If this ring, to commeneo with, bo devoid of magnetism, then on 
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applying a continuously increasing magnetising force H 
one direction, usually taken as -i- '^) by means of an electric cui-rent 
the coil, the induction density B will increase in the way already 
sriHed, and the curve OA will be obtained. * 

Now, without stopping the current, let it and the resulting mag- 
netising force H be gradually reduced from A to O again. The curve 
between H an<l B will l>e found to follow some such path as AB. 
On reversing the direction of flow of the current and increasing it 
from O (but in what may bo tenucd a - *"• direction) to the same 
maximum value as before, the curve BCD will be obtiiined. If now, 
without breaking circuit, the magnetising force be reduced to O 
again, we get the curve DE ; and lastly, by reversing the direction 
of current and increasing it from to the same + '^ maximum as 
at first, the curve EF^A is obtained. 

These operations, which constitute what is termed a cycle of 

rietising ft>rce, give us the curve or loop ABCDEFA (Fig. 68), 

which is likewise known as a amipkle mtujft^tk cycle. If the al>ove ring 

corusisttKl of soft, annealed wrought-ijx>n instead of annealed steel, some 

Mich loop a* ahcHffttr would represent the magnetic cycle produced by 

A cycle of magnetising force similar to that mentioned above. In 

fact, every magnetisablo substance exhibits the same kind of 

phenomena whether in a greater degree as indicate<l by the curve 

iVBCDElFA, or in a le^s degi*ee by the curve akdrfiu In other 

words, the niagnetic induction evoked in a substance by a cyclic 

nuignetising force hiis a greater value at all points dmnng the decrease 

of the foi-ce than during the inereiise of it. 

Prof, Ewirig, who tij-st pointed out this lagging of the induction 
Whiud the magnetising force, Ic, the laggiiig of the magnetic ottect 
behind the cause, has tenned it vuujrtdk hyderesu ; and the loop 
tjndfwing the pjirticular area, tlie B-H curve of hysteresis for the 
'nagiietic substance. Studying the. phenomena of hysteresis by 
meati* of the curve (say, ABCDEFA) wo see that when H has been 
decreased to U, B still has a considerable value OB, which is termed the 
rfMufien^^ or rdrntivity. To reduce the remanence to zeix) it requires 
^Q"? application of a dcmngnctising force or - "^ magnetising force = 
^C, which is usually termed the citacive force or coercivity. The 
'oduction B changes its direction or reverses sign at the point C, and 
'■'^^hea a mjiximuni value in this negative direction at D for a - ** 
^^ftlueof H - the 4- value of H, which produced the f maximum induction 
*' A. The return half I»EFA of the curve is merely a rejietition of 
ili« firet half ABCD, OE, which = OB, being the - '^ remanence, while 
OF, which = OC, is the + "* coercive force. 
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The foregoing considerations apply in a similar manner to the 
curve abcdefa for soft wrought-iron and to all other hysteresis loops. 
Now, if the molecular iheoiy of magnotism {p. 11) he ticcepted 
as the correct one, the moleuules of the material A\'ill Iiave all their 
like |»oles pointing in one direction during that part of the magnetic 




r+wy 



cycle EFAli, and in the ojiposite direction during the remaining 
jjqrtion BCDE, Cmiseq^uently, energy must be expended and work 
must Ih3 done in causing this reversal of their direction. Further, w© 
have just considered the etfect prwluced on the magnetic induction by 
const-siutly varying the magnetising force in a systematic manner, so as 
to form a rydf of operations represented by the cyclic curve (Fig. ^^). 
If this cycle of operations is repeated over and over again, as it 
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would be if an alternating cuiTeiit were used, the magnetising force 
IB «ud to act pfriodkalhj, and the magnetic induction in the specimen 
will go throu^li a periodic cycle. Now, practical opei*ation proves 
that at whatever rate the cycle is performed, heat invariably makes 
its appearance in the iron to some extent, whether in very small 
amount or otherwise. The energy thus appearing iti the form of heat 
in ibc iron must resiUt from the expenditure of energy in some other 
form, for the law of (lie coiiservatkm of energy tells us that no tftunrgy is 
errr losf, and that emrgy h convntible one Jorm Inio atutfhff. Hence, 
whenever the phenomenon of magnetic hysteresis occurs, energy is 
alwayfi expended and work is done. 

Now if a magnetising force II produces a magnetic induction B, 
and this latter changes by a very small amount dB in the very small 

Interval of time dt^ the time rate of change of induction will be '-^*. 

Also if 8 is the mean cross-sectional atgh in sq. cms of the iron 
psith having a mean length I cms, then it can be shown luathematifully 
that the whole energy wasted in heat in the iron or absorbed by the 
iroii, due to the hyster^tic effect in the very small time dt 
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UdB joules. 



Now the product x/ = Y, the volume of the iron in c.c. Henco the 
whole energy expended on the iron in the time limits of the integral 
/* V 1 V 1 i' 



HrfB ergs. 



K tun 



ere the sign yor integral, in niiithematical language, denotes the 
unatioQ of the many changes in the term which follows during ;l 
period known n& the time limits of the integral. 

Sovr the term j H«/B by itself represents the energy (in ergs) 

e3q>ended per unit volume (1 c.c.) of the ii'on core in one cycle of 
.gnetisation, when the time limit of the integral y is the interval of 
time t^ken in making one complete magnetic cycle. Hince also 
the loop is drawn to two axes repreijenttiig H and B respectively, 
integral or qtiantity yHf/B taken over the limits of the whole 
cycle is the ai-ea of this loop. Hopkinson gives this area as also 
approximately equal to that of a rectiinglc, the sides of which are 
r««spectivcly equal to twice the remanence and twice the coercive force ; 
f,^. in the curve ABCDEFA (Fig. C8), the value of /lldJ\, or the 
area, would be approximately - the area 20B y *20C = (BE x CF). 
Fr«>m a reference to the figure and from the preceding remarks it 
ill l*c wen that the area of the loop, and therefore the value of 
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r- j HdB, depends, in th« fii'st inst^ince, on the kind of material in 

use, and this determines the values of the cofrdmhi and remnnmce, 

Mr. C. F. Steinmetz has determined empirically an equivalent to 
the above expression, in terms of the maximum value of the induction- 
density, which we will call B, and a constant }f ilepending on the kind 
of material, namely — 

The energy (in ergs) expended per unit volume (1 c.c) of the 
iron core diu'iug one complete cycle 

This is suiBciently correct for all practical purposes, and thej 
following values of the hysteretic constant 7/, which hold for indut 
tiuns up to just <.iver the brow of the magnetisatiou ciirve, may be 
taken : — 



Best tiiift iinmuilfd Swedish charcorilirrin shi-t't 

Good ;<'>ft wroijglitdroii sbpet 

Ordinary soft wrouxht-iiuii luir 

Thin tiu-i>1ate . , . , 

<irey cu:»tdrcm .... 

Very soft auaeiiled cost-steel 



Tool-ateel, «nn<?»iled ..... 
Tool-eteel, gLiss -hardened and tempered in cold water 



0-001 r» 

002;'. 
00315 
000290 
0-0150 
00;J2 

-004:1 

0-0085 
0'01»0 
0750 



H. Maurach ^ has determined the value of the exponent x m 
Steinmetz's formula /r-^ i^iV for different valiu!s of R The measure- 
monts were made by the ballistic method on a samjJe of transformer 
iron, and show that x decreases aa B incrciiaes. He ul)tai«ed values 
for jr, which are given in the annexed table — 

TABLE X 



n 


Probftbl* \'rtUio of n. 


*< 


0*8 


500 


2-47 


a-0 


2.000 


IH 


12'0 


12.400 


1-38 


28-0 


15,000 


1-22 



The decrease in the value of x is rapid between the first two vjducs 
of H, and less rapid afterwards. The variation in the hysteresis loss, 
which occui's in a rotatory and atUirnatinj? fielilj is mentioned on page 

« An'i. >l. I'lnii^d, 6. 3, pp, :«><()- '.Sli, Nov. I'.mi. 
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14D, F, Niethammer ' has investigated the hyatert^sis loss in an 
altematiiig fields and iiuds that the coefficient »/ = 0-00259 when 
B= UOO ; r; = 0-00201 when B = 2700 ; »/ = 00257 when B = 7600 ; 
and 7/ = 000368 when B= 13,(iU0. He further finds that the form 
of variation of such a current doe« not affect the value of ^; much. 
With rotatory fields^ such {is that met with in the armature of 
ilynamos, he finds that ^i varies from 0'0U305 to 000119 when B 
changes from 14,010 to 4405 respectively. 

Expenditure or w^asto of energy due to the hysteretic eflfect^ and 
usually termed hysten'sia loss, invariably occurs in all magnettsable 
subst^^nces when their magnetisation is chmiged or trrerstdf and however 
slowly the miignetic cycle is performed. The loss from hysten'sis 
is due solely t^ such change or reversal, and in no way depends on 
the construction of the magnetic circuit, i>. whether it be solid 
or built up of the finest 5ulxli\i8iQn- The researches of Drs. J. 
and E. Hopkin^on, practically confirmed by Steinniotz and others, 
show that for flux - densities not exceeding about 4000 or 1500 
lines per square centimetre, the area of the loop, and consequently 
the hysteresis loss, is the s;ime whether the magnetic cycle is per- 
formed very slowly or at the rate of 100 cycles or more per second. 
Ewiug has found that liystt^rests loss is considerably retiuced by 
tncchaiiiad vibration, and also by rise of temperature ; but ^the 
diminution from the latter etfect is small within tlie limits of tenqier* 
Atiire met with in practice for electrical engineering appliances. 
Hysteresis loss occurs in all elcctit^'magnetic apj>]iances using or 
producing intenutttent or alternating current, also in the armature 
core« of direct-current dynamos in which a complete magnetic cycle 
for each pair of jjoles in the field magnets per revobition. 
[faration of the machine in tins case, for example, considerably 

reduces the effective value of the hysteresis losa, which in this and all 

other instances result* in the production of heat in the iioii. 

It is instnictive to compare the losses, caused by magnetic 

hysteresis in various materials, given in the following table tAken 

imm the researches ^ of Prof. Ewing : — 

* Wiai. AMhoien, 06. 1, pp. 29-48 (1898). 

* *Re««r(-h<*« in MugiietiNia,' by J. A» Ewing — Philmophical Tran»acti(m*, Part JI. 
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TABLE XI 






Hysterwa* Loss 


P«r e.c. ftjT Strong 




Mti^ettjittt^on, 1 


Material, 






In Ergs Iter Cycle. 


In Watts ite-T W* 
Cycles i»r S*?coud, 


Verv soft atiticalod iron . 


P. 300 


0-09S 


Loss ., ,, ,. 


16,300 


O'las 


Httrd-tlrttwij iron wire 


UO.OOO 


0-eoo 


Anneftled ateol wire 


70,500 


orof* 


„ „ H gtasa-hardened . 


7a,ono 


07« 


Pianoforte »teel wire (annealed) 


P4,oao 


0-94 


„ (ordinary) 


11H,000 


116 


,, M ,* (glass-lmrti) 


117,000 


117 


Tungsten stwl (oii-hanlened) * 


tJ16,864 


2 16 



• 



The hysteresis loss is often expressed as so many fmtts per lb. 

xpendetl in overcoming hysteri^sia if the iron were made to go through 
100 cycles per second. In an extraordinarily good hrJind of iron 
mafle by Messrs. J. Sankey and Sons, of Bilston, for transformer work 



the following results >^'cre obtained : — 
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MysterPAlB Loss. 






Liniltn of B, 




['Hrniesbility 




BrgB pw C.C 
per Cycle. 


aWftttspisrlh. ntim 


M« 




CyclM pi<r Be«oiid. 




1.000 






1610 


0-62 


2,000 


220 


0*1 2y 


2560 


0-78 


2,500 -' 




0*185 




... 


3,000 


410 


0-242 


3340 


o-s>o 


4.000 


640 


0-376 


3880 


1-03 


5,000 


910 


tVo35 


4280 1 


1^8 


t)J)00 


1200 


0-70fi 


1410 


l-3fJ 


7,000 


1520 


Q'Smt 


4450 


1-57 


8,000 


1900 


M20 


4830 


rs5 


9.000 


2310 


1-360 


4090 


2-20 


10.000 


1 




3790 


2-64 



Hag'netic Lag. — Under this heading we must explain another 
phenomttnon met with in elei'tro-mugnetifini, but so far not considered. 
The phenomenon dealt with in the preceding pages is that of the 

' Det«rraiiitMl by Hopkiiison, the material being tbat iisetl for pemirkovtit magiiKs, 
and liaviug n high retuntivity. 

- Watts per lb. ptr mO cyclrs per wcond = 0000589 x ergs per t-.c. per cycle. 

^ This iuductiun is sointittiiias taktm as a Hlamluril eouilitioTi lor coTU]>ari9ou. MeKimT^ 
TNmier Broa., of Lon«loij, supply * improved ooa-ageing tmasfornmr sheets ' wrhich have 
* hysterfiii* loss of 480 crg» jicr <".c. ptT cycle, or 0'28 watts per lb. %t 100 cycles per 
sooond, when B=^400O, which U unalfectiKl by temperature wp to 160° F, 
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in the value of the iiKluctioii-tlervsity when the magnetising 
has been ramd to some {jarticulfir vahi(.% and when it has been 
reducfd to exactly the same value. This may conveniently be termed 
l^rsis. If, on the other hand, the magnetising force be altered 
le diflFeretit value, and be maintained at that valnc with ^reat 
constancy, it is noticed that the induction-density gradually creeps to 
the new corresponding value, and finally remains constant in value. The 
creeping may take many minutes, and amount to several per cent of the 
final vahie. This * time lag ' of the induction has been termed * magnetic 
lag,* or magnetic creeping, and, by Prof. Ewing, viscom hpsfniiiis. 

There are, in addition, two other elTects obsen'able, namelvt the 
i^iparent lag caused by the self-induction of the magnetising coii 
retarding the rise and fall of tho current in it and the apparent lag 
met with in magnetising solid mugnettc cores caused by the demag- 
netising effect of induced, eddy, or Foucault currents, as they are 
ied» flowing in the core, especially wlien the magnetic circuit is 
oi>en one (p. 13D). The last effect flepeuds on the self-inductive 
e, and both ceaae to act when thtf cnn'ent reaches its steady value, 
ictic hysteresis only l^eeomes of real importance with inter- 
cut or alternating current, luid in appli;inc(\s worked by the latter 
rer)' enfleavour is made to reduce it to a mirumum by employing 
very soft iron, as little of it as possible, and a^ low a ntjmber of 
complete magnetic cycles per second as fK»ssible, coupled with a 
smallor induction - density than would be used with a continuous 
current It should aUo be remembered that high pemiealulity is not 
necessarily or invariably accompanied by stnall hysteresis. 

Electro-magnets. — We are now in a position to consider electro- 
magnets, and the form they should take for arty particular purpose, 
which in a great meiisure depends upon the winding of the coils and 
the magnetic ])roperties of the core. Such appliances are essentially 
intended to exert a force of attraction on, or a pidl, cjiusing the 
motion of, a piece of soft iron, commonly calletl the onnatufe. The 
ctficacy of the action must tlu^refore depend on the amount of 
free magnetism available, and hence the presence of *free' poles 
capable of exerting a force of attraction on the armature. Thus from 
principles already enunciated we see that the actuating portion of the 
eleetrO' magnet must possess an 'open maguetic circuit' capable of 
being closed by the armature, 

III practice we meet with both s/^/w- and <[uuk-ar{ini) electro-magneta, 
morfr particularly the latter, winch is the kind required for *time- 
n^co^ding' apparatus, telegraph instruments, etc. The requirements 
for obtaining rapidity of action are : — 
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\. The careful balancing of the moving parus^ and by making these 
light and with as littlo inertia as possible. 

2. The use of the \^9t and softest iron obtainable for the magnetic 
circuit in order that it ma}' possess maximum permeability, combined 
with minimimi retentivity or residual magnetism. This last-named 
property causes the armatures of electro-magnets to stick to tl»e poles, 
unless separated therefrom by a very small air-gap or its equivalent. 
For this reason the poles slionid be capped with a very small thickneas 
of some non-magnetic material, such as coppei" or brass, which ha« the 
same efTeet as an equivalent thickness of air-space. The greater the 
gMp or gaps the more rapid ly will the electro-magnet acquire an<l lose 
its magnetism. Well-fitting, continuous magnetic circuits, even when 
made of the softest »Svvetlish charcoal iron, always retain a large per- 
centage of their mtignetisation after the magnetising force Has ceased. 
On breaking the magnetic circuit, liowever, most of this disappears, 
leaving what mskj strictly be termed the residual magnetism. 

3. The use of polarised armatures, in which the movable soft iron 
armature is maintained in a magnetised condition inductively (viJr 
p. 8) by a separate permanent steel magnet. The attraction lietween 
the poles thus induced in the armature, and those of the magnet coresj 
is delicately bahinced by a spring, so that very feeble currents in the 
magnet coils suffice to ovei'come the balance and produce a rapid 
motion of the armature between fixed limits or stops. In this way 
great sensitiveness and rapidity of action is obtained in, for instance, 
the telephone bell, and relays used on long telegraph lines. 

4. The use of short eomi>act magnetic circuits, for a aelf-demagne- 
tising tendency always exists in short non -closed cores, due to the 
polos being closer together, and tending to neutralise one another. 
Thus the shorter the magnetic circuit the more rapidly does it acquire 
and lose its magnetisation. 

5. Minimum self-indnction in the electro-magnet. For a complete 
explanation of the phenomenon of self-induction the reader is referred 
to p. 194 ft seq. Suffice it hero to .say, that it is a property possessed 
by a coil of wire, whether surrounding iron or not, in virtue of which 
the current in the coil is unable to ristj to its full strength, or die out, 
instantiineously. 8ir»ce the self-induction of a current-carrying coil, tvf 
the form used in electro -magnets generally, is proportional to the 
permeability /a of the core, and also to the square of the nuinber of 
turns in the coil, the rapidity of action will be increased principally 
by using fewer tnrns when this is possible. 

Electro-magneta with movable armattnes may be classified accord- 
ing to the range of motion of the latter into those of — (1) short range, 
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lenite range, (3) long range ; but it should be remembered that 
range depends on the relative dispositions of the magnetising coils, 
and the iron parts of the magnetic circuit, timl not on whether the 
is wound with many turns oi fine wire or ii finv turns of thick 
Tlie force of attraction between the poles of an electro-magnet 
and its armature varies considerably with the range and oonstruction, 
being greatest in (1) and least of all in (3). It is also generally the 
ciusc that the stronger the pull the shorter the range, and vice i^rsn. 

In Fig, 69 we have a typical instance of a short-range electro- 
magnet capible of exerting a powerful pull over this range. It consists 
of two similar coils U, each wound with a number 
of tuniB of eitlier silk- or cotton-covered copper 
wire on a bobbin, of which / are the Hanges. 
The bobbins C are slipped over soft iron rods or 
ooret 1, as they are commonly termed, which are 
best screwed into a bottom cross-bar of soft inju 
(») called the ifokr. The unmUurt' A, or moving ^'i".«'V'.-»ir.liiMryDonW<>- 
portion of the electro-magnet, consists of a soft 
imn bar of rectangular section sufficiently long to rather more than 
bridge across between the outside edges of the poles w and s. The coils 
C\ C are connected in series with one another in such a way that 
^ current flowing through them eremites a north pole at n and a 
south pole at ,v, or vice versa. This is a form of electro-magnet largely 
used in electric bells and other appliances. The rationale of the action 
of the electro-magnet when a current flows through it is that the lines 
of force emanating from n flow iTito one end of A (if this be close 
eoougb), then through it and out of the other end into s, thus com- 
pleting their path through lyl. The armature A, whieli is thus 
nuignetised by induction, or becomes /WanW, developa at its ends 
oppoaite polarity respectively to that of the poles n aud .<, and is 
consequently attracted (ritlt- p. 4), 

Another way of regarding the action is that the lines of magnetic 
fixrce which gather up in A exert a dragging force on it by reason of 
their ever-present tendency to shorten their jmth to the minimum. 
The linea thus behave like cords in tension, tending to pull A 
towards tlie poles n, s. Now principles already dealt with in the 
ier stages of this chapter tell us that the force of attraction will 
jnd on the strength of the poles u and Hy and hence on the total 
niinibdr of linos of force emanating from them. For a given number 
of am|>erc turns provided by C, C the number of lines will be greater, 
the softer and purer tiie iron used for A, I, and //, and the larger the 
croa» tection and shorter the lengths of these parts. It is no use 
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making I, I large in cross section unless A and y are each at least 
equal in section to thorn, or mr vfrm. To get the best results out 
of any electro-magnet of a given form there should be the fewest 
number of joints in the magnetic circuit, ami these should be faced 
8o as to give the maximiini amount of surface contact 

Fig. 70 illustrates what ia often termed the dvh-foot eleciro-mjigiwU 
in which only one magnetising coil C is used. I is now the soft iron 
core proper, the yoke ciuniu'ising not merely the part 
marked v, but in addition a soft iron Imr or rod B, which 
helps to complete the magnetic circuit, and gives a south 
polo .*!, In this case the saving of copper wire is at the 
expense of a diminished pull on the armature A, otherwise 
the armngemont is more compact than that of Fig. 60. 

Another form in whicli only one coil C is used, and 
that on the yoke, is shown in Fig. 7L The yoke, 
which is really now the core I, is terminated l>y end-platea D^ D, giving 
the poles // and ^ as shown. 

This is a good arrangement, and is used to a large extent in start- 
ing switch resistances for electro -motors, and a 
number of other appliances. 

Another form which is also used for the purpose 
just mentioned is indicated in Fig. 72, and is known 
as the jH'^ or Ufm-dtttl electro -magnet. In this form 
the iron core is let into the bottom of an iron pot P, 
and is concentric witJi it. The magnetising coil C fjo, n.— E!«»tix.-iiAg* 

1 ' I , 1 ■ * i 1^ I J. J • ^^^ ^Jlh Co'l oil yoke. 

is slipped over this core into tlie |>ot, and is com- 
pletely enveloped by it. Thus the upper end of the core forms one 
pole, xvhile the whole rim of the pot forms the opposite ]X)le, and is on 
the same level with the top of the central cnre n. The armature 
consists of a substantial soft iron disc or lid of the 
same diameter as the pot, and sufficiently thick. The 
iron pot is cut away at the side to show the coil I'. 
The foregoing electro-magnets are instances of forms 
capal>le of exerting a strong pull over a short range. 

A ty[>e of electro-magnet capable of exerting a 
medium ptiU over a modemte range is shown in Fig, 
73, and is known as a aUfjq^d solenoiiL In this the 
magnetising coil C ia slipped over a fixed soft 
iron core E, which extends only a short ilietance up the coil E is 
fixed to an iron yoke -piece v?/, terminating in iron limbs L, L on 
opposite sides of the coil, which furm polos of similar polarity. 
The armature A is attached to a soft iron plunger core I, capable 
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tut. 73.— Stoj'lKHl SololioftL 



^»ciug sucked into tbe coil C, the approaching mids of I and E 
touching when A touches the outer pules «, n. The armngenient is 
an instance of what is termed a double magnetic circuit, or two 
magnetic circuits in prjxUel, for the liues through IE divide at the 

yoke and flow up the right- iiud left- hand limbs _ 

L, L, then through AA to I again. 

To obtain a weaker pull over a longer range 
still, recourse may be had to a long solenoiil (Fig. 
74), sucking into it a still longer aoft iron core L 
The pull is greatest when the entrant end reaches 
the farther end of the coil. Sometimes the end 
of the core entering the coil is em^ed for a eon- 
aiderable length from the end in order to equalise 
more nearly the pull over the long range of 
on. Sometimes the coils are wound in a 
ical manner to effect the same result. The 
force of suction or attraction which such a 
tubular coil or solenoid exerts tipoii its iron plunger core h not, in 
any position of the latter, nearly as great as that of an electro-magnet 
of the form shown in Fig. 69 for tbe same amount of metal used in 
ita construction, and for the same current, but the range is much 
greater. Both of the last-named forms are largely used in electric mr 
/am//«, aa well as in many othtr appliatjces. 

Now the attraction of a horaeslioe-shaped magnet, or of that shown 
in Fig. 69, varies enormously with the position of the aruiature A, 
being very great when the latter is close to the poles, 
but diminishing extremely rapidly as the distance be- 
tween armatures and [wles is increased. Special flevices 
of a mechanic^'il nature have been introduced for the 
purpose of etiiudising this otherwise tmcqiial pull on the 
armature, and they are called e<]nulisf'r,s\ Sjwce, how- 
Q ever, will not permit of a wider treatment of this 
important subject, antl the student is therefore referred 
to such a work as The Elerfro-Matjaet, by Professor S. 1\ 
^snah Thomson, for greater detail. 
'^.iM.iui.i il^Dg Electro -Magnets for alternating* Currents may 
namk... h^ye any of the preceding forms, but special care hiis to 

Ihj takeD in constructing them, and they differ somewhat in detail 
from direct -current fonna. In the last-named we are princiiwdly 
concerned with obtaining *frec' magnetism in certain magnitude 
by an induction - density in the magnetic circuit of something 
like 10,000 lines per sijuare centimetre. We naturally desire to 
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obtain this result with the exj^enditure of as little electrical 
energy as possible, for part of such is spent continnoiisly in over- 
coming the resistance (K) of the coils due to the term C-R, and 
|3art in fii-st niomentiirily creuting the magnetic field. Now, if an 
instnimcnt capable of measuring both contiinious and alternating 
current equally accurately be placed in the circuit of an electro- 
magnet, it would indicate a smaller current when this was alter- 
nating than when continuous for the same K.M.F. Obviously, then, 
the electro-magnet offers extra resist^ince to the flow of alternating 
currents through it ; Init, although we cannot at this stage explain what 
is occurring, it may be stated that the extra resistance is of the form 
of a back E.M.F., caused by the phenomenon of self-induction in the 
electro-maijnet {ndc p. 134). Consequently an electromagnet for alter- 
nating currents must be designed so as to allow the necessary current 
to How through it, for on this depends its strength. 

Owing to magnetic hysteresis, the loss of power due to which we 
have seen is coB^'*', the iriductiun-(]<iMBtty B in an alternating current 
electro-magnet is usually restricted to a maximum of about 10,000 
lines per square centimetre. The iron circuit, including cnre.«, y(>ke, 
and armature, should be made of the best soft iiun, and caiefullj' 
laminated, for if of solid cross section, indnrffl or eddij cunevJs will be 
sefc up transversely in the iron, and it will become very hot, perhaps 
sufficiently so to burn the insulation of the coila This heat not only 
reduces the susceptibility of the iron, thus weakening the magnetic 
field, but it also represent* an expenditure of energy which can only 
be minimised by the efficient lamination of the iron. Even when the 
laminations are ever so lightly insulated froni one another, the strength 
of the eddy currents is icduced. Further, these currents tend !<:> 
demagnetise the iron, so that this and the preceding remarks at once 
show us why an electro-magnet with a solid core is so much poorer 
in its action than if this core w.is laminated. 

Lifting Power of Electro-Magnets.^ A iter a reference to p. 10, 
Chap. L,the reader will realise that the lifting power of an electro-magnet 
depends on (a) its magnetic strength, (/>) the shape of its (wles, (<*) its 
general form, {d} the form and nature of the armattu'e atLracted, (/-) the 
area of contact, (/) the mass of the armature. Electro-magneta of the 
double-limb type, when properly designed, exert a force of attraction 
high as 1140 lbs. per sciuare inch, witli the cores over-sat united magnetic 
cally. In a paper on the * Construction of Electro- Magnets,* by A, J. 
Conor,^ the author poitits out that in electro-magnets with armature in 
contact, if B - the induction, S = sectional area in square cenlimetreSi 
' Eltdricien, 22, p 344. 1901. 
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and F the tractive force in kilogrammes: then B = 49G5 ,^/ gauss 
(1 kilogramme = 2 204 lbs. (a%'oii\) ami 1 gjiuss = 10^ lines of force). 
A. Gu^nee, in an article on * Industrial Electro-Magnets * (/nrf. ^hd, 9, 
Oct. 10, li)00), gives the best form (Fig. 75) 
of long-range electro-magnet as consisting of an 
ironcUd coil, sucking a soft iron plunger N int* 
it« interior. The plunger works backwarcLs 
and forwards through one end of the ironclad 
shell A* which is rather massive at the ends, 
and butts up against the other end of tlie shell. 
This back end of the plnriger coriaij<ts, for abuut 
one-third of the length CD of coil, of separated 
discs of soft iron E, K. The most poweifnl 
magnet made gave a constant elTort of (j50 kilo- 
grammes^ with a travel of 22 centimetres, total 
Bght 207 kilogrammes, excitation 30 amperes 
_ 220 volt«. 

In nn interesting discussion on ' Electro- 
Magnets for Lifting,' by E. B. Clark,' the author 
[M>int« out that rolling mills, locomotive and 
l)oiler ahops are well suited for electromagnetic lifting. The mass 
liftctl should have a fairly smooth surface on which lo a])ply iho magnets, 
which latter for plate- work may comprise a gi'onp of rectangular pob's. 
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each 34" long and 5" x 1" in section, bolted to a soft iron plate 
' Anu^, HUcI, 12, p. Wi8. 1J»00, and lU. p. 01. 1901. 
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prodded with an eye-bolt for slinging from cranes. Each pole inav 
be woiuid to a depth of J", no bobbin being used, A lifting electro- 
magnet built up in this way, and weighing 300 Ibs.^ should lift 27 
times its own weight, and take about 4'4 amperes at 250 volts. 

Uses of Eleetro-Mag-nets.— These are multitudinous, and the ex- 
treme importance of Buc-h itppljancGs may bo judged from a rough 
estimation that probably 75 per cent or more of all the various 
electncal engineering appliances and apparatus in existence employ an 
electro-magnet of one form or another, without, which it would cease to 
exisL Anotlier recent tisi^ to which the eleetrc^-magnet has been put 
in some modern marine yards, iron and other w^orks, is its extensive 
employment for h'ftui'i, adjusting, and removing, etc., work to and 
from machine tools, and alxmt the shops, thus efllecting gre-at econoniy 
in both time and labour (M- p. 157). In a recent article by Mr. F, C. 
Perkins ^ it was shown that in a certain instiince the attractive power 
of the magnets wiis equal to a weight of 3901 His., the total jxjwer 
absorbed for this with a drill in addition was 1'3 h.p. In some 
steelworks in this country and tlie States, a single magnet is used for 
lifting as many as twenty steei or iron plates at a time, totalling some 
3450 Jbs. 

Winding of Electro-Magnet Coils. — B'or a given iron core or 
magnetic circuit, we have seen (p. 137) that the number of lines of 
force passing tlirough it depends on the number of ampere turns, and 
for a given current also, on the number of tutus in the exciting coih 
Naturally it is desirafile tr> obtain these turns with minimum weight 
of copper wire used, and this leads us to considerations relatirtg to 
the sliape or form which the coil ought to have, and to other 
important details. Obviously it is possible to have two main forms 
of winding as shown at A and B respectively, Fig. 77. In A all the 
turns hue up with one another in two directions at right angles, 
and large interstices, or air-gaps, are obtained at the side of th©^ 
turns. In B the turns of any one layer lie in the interstices formed 
between the surface and points of contact of turns in the under 
layer. 

Now from a mere inspection of these two fonns of winding, 
Fig. 77, it is seen that in B a less depth of winding space is requii'ed 
than in A, but with a loss of one turn for every two layora. The 
fact, however, that in B the mean radius of the turns is smaller than 
in A, may more than compen.'tfite for the loss of the few extra turns, 
since the turns are, on the whole, closer to the magnetic axis or core 
of the coil {vide p. 131). In the case shown, B (Fig. 77), if a triangle 

* EkrtncuH, 27, pj». 1 71 9, Jan. 1904. 
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rlrAwii between the centres (r, ^, r of the three wire turns n, />, 
Ci this, by tho geometry of the Hgure, is obviously an equilatenil 
triangle. Drawing the perpendicnlur tff we fiinl that 



and 



fl^^ v'3^r7:i2 



- 866 (Eitc. Hk. i. 47). 



or «/=0'8<J6/*fc. 

If now d = outside diameter of the insulated xvire, then 
ith^Mmul ,'. {tf= 0-866 X 3//, 



Hence in fonn B 
whereas in form A 



r'-a/+rf = 2-598d+d-8-593rf, 



f = 4rf. 



B 



M- 





.X 



^ L 



FlQ. 77.— Section of Coil Winding*. 



It can therefore l>o seen that, for an e{\\m\ winding depth (/* = /), 
exiTiK layer can be wound on B more than on A every 10 layers. 
Thua while a totiil of 5 turns will have been lost in the 10 Itiyere 
uuder fonn B, the extra Layer mentioned above will have added 6. 
Tills differeuce, both in number of turns und weight of copper is so 
small that clearly it will make no appreciable error whichever form of 
«rinding A or B is tjvken for future discussion. Consequetttly we will 
cunsider A, although B, no doubt, is the usual foriii which the turns 
on a coil take in practice. Let the various dimensions be as indicated 
in Fig. 77, all in the same units — inchtSy or otherwise. 
Further, let D = the mean diametcf of the coil. 
m - the Icn^h of a mean turn. 
/ = the t^tal length of the wire m the whole coil. 
T - the total nuttdjer of turns in the whole coil. 
X = the number of turns per layer. 
y ^ the number of layers. 
d = the diameter of the insuhitcd wire. 
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To find the Total Lensrth of Wire (I) in a Coil. — Given the 

diameter (il) of covered wire and size of winding space. 
The number of turns per layer 

L 

and the number of layers V^T 

Hence the total number of turns on the bobbin 

m h t U 

Further, since the length of a mean turn 

m=xD = Ti(Di + D3), 

the total length of wire on the coil is 

where all the symbols represent quantities in similar units, e.g. in inch 
or in cm. measure, and V = the volume of space occupied by winding 

from the equation '^~d^' 



we have d= . /H 

V T 



which is therefore the diameter of the wire that would fill a coil of 
given dimensions with a given number of turns. 

To find the Resistance (R) of a Coil. — Given the dimensions of 
the coil, the specific resistance (/>) of the material with which it is 
wound, and the diameters t/j, and (/ of the bare and insulated wire. 

Wc have just seen that the total length of wire on the coil is 

7 rL<( Di + Da ) _ V 
Therefore, from p. 69, 

/p 7rUp(Di + Do)_7rL/p(D, + D.,) 

where the cross section of the wire 

A- ^ . 

ir T. 2L/p(D, + D„) 4Vp , 

Hence R- /aV.^"- .o^ohms, 

/) being in ohms per inch cube, and the other dimensions in 
inches, or p being in ohms per cm. cube, and the other dimensions 
in eras. 

Now the increase in diameter of the bare wire due to insulation 
is d - f/p which may or may not be small compared with rfj, depending 
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uti the gauge of wire and natui-e of the insulation used, whether silk 
or cotton, etc. 

If the iiicretise of diitmetor due to iusidation he so ^miill compared 
with f/j that it can be neglected, then d = d^ approximately, 



nnd therefore 



or 



lt= 



4Vp 4Vp 



^ = -^.--j filims approximately, 
1 '"I 

h=js/*^^ approximately, 



which gives the diameter of the wire filling a given coil space V and 
«iffenng a resistiince K. 

The last equation for K shows us that for a given winding epjice 
the rmfiatirt! U xmHnselij praportmial (approximuielfj) io the 4th power of 
tkf dinnieier nf the wire employed^ the resistance f>f thf coil is directly 
proportional to the iH)lume of the ml. 

It can also e:isily be shown under the above assumption that d 
and </j are praetically equal, and therefore that the resistance of a coil 
of fijted <linie[isions is directly pro]>ortiotial T^. 

To And the Welgrht ( \r) of Wire of given Diameter necessary to 
fill a Coll of given Dimensions. — First dctennitio the total length 
ot wire (/) on the cnil from the relation given on p. 160. From 
reference to miy wire table, as, for instance, those met with in price 
lists of wire and cable manufacturers, the Tmml>er of feet or yaixls per 
lb. {k) for the diameter or gauge of iron in question cjin }>e seen. 



Hence 



tbH. 



It shoidd here be noted that if k refers to the bare Avire, the value 
"1 r will be the weight of metal in the coil, where*is it will be the 
weight of metal + insulation if /: refers to covered wire. 

The following figiu'es are Uiken from the report of the Committee 
«»n SutiidaitlB for Copper Conductors, atid have l>een adopted by all 
tl>» learli ng cable and wire manufacturers of this country. 

Hi^h conductivity commercial copper weighs 555 lbs. per cubic 
ft- at fin F., with a corresponding specific gtiivity - 8't)12. 

The average temperature coefficient = 0"U0:i38 per 1 F, = 0*004285 
P*r l' C. Weight in lbs. per yard = 1 T5G25 -: area in sfj. ins. 
''C«iilance in standard ohms per yard - 01)00024044 -r area in sq. ins. 
'Specific resistance p (per in. cube) of annea!e«l copper = 00 0000 6 6 78 8 
^^^ at 60 F., and /. (per cm. cube) - 00000010964 ohm at 
CO' F^ 

To fin<l the weight {w) of metal in a coil, given I and </, in inches 
('*.'?)i we find that ^ J ^ cubic feet or '.;^-.* cubic inches weigh 1 lb. 

M 



let 
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Also that the volume of copper on the coil 



Vp = ^A= — - cubic iochas. 



therefore 



Tx 665 



. d«i^0'2523flPnb«. 



1728x4 
If I is in feet and d in inches^ 

then <r= 12 X •252?../'/ = 3 •0276./^/ H.n. 

Relation of Diameters of Core and Coll.^ — It nmy be well to 
yKjint out here that for a given E.M.F. available for sending current 
through a given coil, it is useless to try and eflbctively increase the 
magnetising force by adding layers of wire after reaching a certain 
radius. Obviously, by bo doing, the reaistjince of the whole coil 
increases* at a faster rate than the numhcr of turns, since the turns 
are added in direct proportion to the addition of layers. The re- 
sistance of every added layer, instead of being equal to that of the 
last one, is greater because of the diameter, and therefore the length 
of wire in the layer being grejiter than in the preceding one. 
Thus for the same E.M.F. at its terminals the iimpere tiu-ns, ancl 
therefore the magnetising force, actually diminish. For a given 
length of coil the practical! limit of usefulness in adding layers is 
reached when 1\ = $D^ (Fig. 77), or when the outside diameter of the 
coil is about three times that of the iron core. Thus the thickness (/) 
of winding should be about equal to the diameter of the iron core, 
but there is no fixed rule for the length of core expressed in diameters 
long. It is common to meet straight forras of electro-magnets with 
cores ranging from 1 to 5 diameters long. This relation of length 
to diameter must necessarily depend on what the electro-magnet is 
intended to do. 

Power Wasted in a Coil and Its Rise of Temperature. — The 
considerations on page 57 at once show us that if a ciurent of C 
amp<?res flows thiough a resistance of R ohms at the teniunaU of 
which there is a P.D. of E volts, the jiower expended 



\V: 



C^R = 77 WAtls. 
Ji 



M 



If the current is a continuous and steady one, Joide's law, p. 5.'i, 
tells us that the whole of this power is spent in heating the coil. 
The resulting rise of temperatinc wUl go on until the rate of dissipa- 
tion of heat due to radiation, conduction, atid convection is etjual to 
the rate of production, when the coil will remain at this constant 
or working temperature. For a given power expended, the final 
temperature will depend on the amount of external sui-face of the coil 
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^^^If^Kd to, or ill contact with, the nir, ie. the cooling surface ; the 

f thickness (/), Fig. 77, of the winciiijg ; the temperature of the air 

at the time ; the emissivity for hetit of the coil, if. the facility with 

which the coil, having the jiiirticular nature of surface in qiiestion, 

parts with the heat. 

ilt is, of course, imperative that the final working temperature of 
any electro-magnet coil should not be too higlu since not only might 
the insulation of turns he damaged, liut the iticrease of their resiat- 
ance might he sufficient to so reduce the strength of current which a 
given K.M.F. can send through that the magnetij*ing force would l»e 
seriously diminished. If a tt-mpfj-ature limit is fixed upon, a cooling 
surface proportional to the power wasterl in heating the coil nuist be 
provided. A numlKT of rules have been formulated for obtJiining the 
rise of temperature in coils. Esson gives ^ 1^ of a watt as the rate of 
ion per square cm. per 1" C. from surfaces consisting of double* 
ilHton-co^^ered wire varnbhe^l, allowing for facilities to cooling given 
by the lx)bbin ends and metal core. 

If T' C. is the rise of temperature in degrees Centigra(!e,'W the 
watts wast^ed in heat in the coil, and S the surface of the winding in 
8<|Qarc inches, then the rule is — 




;re K is the resistance of the coil (hot) in oh ma. 
Further, if Rj is the resistance cold, 

T a 



H ) 



J ohm» approxntttttply. 



t 

I When T^ is lixed at tUe commeuceoient, Professor S. P. Thompson 

H gives the following rules :— 

^^^ If we assume that 90 F. (or TjO C.) higher than the siUTOunding 
^Mv i* the safe limit of temperature which may be used with a given 
electro-magnet coil, then for thick wire or series coils — 

Maxiniam permi!i8i)ili» <nij rent — 0*95 ^/ ^ amperes, 

and for thin wire or shunt coils — 

Maxiiiunn i>ermisaiblo prt'B8iire = 0*95 y'SK volts. 

Rfmghly s|X'aking, exfM?rience dictates that any given coil should 
have a radiating surface of at least 1 B<iuare inch per watt wasted, 
though preferably from* 2 to 3 siptare inches per watt, in oitler to 
keep it compamtively cool. 
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The following are a few examples of the appliwitioii of the preced- 
ing relations : — 

E.mmph' 1. — A coil of wire, having a winding length of 4" and 
an outside diameter of 3", is wound on a cyliudi'iml surface 1" in 
diameter. What must be the diameter of the covered wire in order 
that 1000 turns may l>e wound onT 



From page 16(> we have T. 



if'' 



whence the diameter required ti= »/'-;-' 
Substituting, we therefore have 

V iwo 

EMimph 2. — In the last question, if the diameter of the bare 
wire = 0-050", what would be the resiijtance of the coil if wound 
with copper wire, and what the power wasted in it if 5 ampere* 
passed through it ? 

From page 160 we have 

Therefore, by substitutiou, we have the required reaistance 



2ic4xl xO O00OOna«788x.l 



= 2-14 ohms, 



Therefore the power wasted in heat is 

W = C^H = (5)* X 2- 1 4 = 53 -5 watts 

On applying the forniula on piige 163 for the riae of temperature 
of tho coil due to this waste of power, namel}^, 

1 L, =;>d*.'> — , 



since the radiating surface of the coil - Ltt^^ = 4 x 57 . 3 = 12ir sq. ins. 



Therefore the rise of temperature of the coil 

rc. 



9 IxIlT 



Examph 3.— How many turns of No. 22 S.W.G. copi>e.r wire 
(dianK = 0-U28') doublecotton-tovered to 0*033" can be wound on a 
bobbin, the net winding length of which = 3' nnd the extreme dia- 
meters fjf winding 1' and 3" respectively 1 

iO we have the total number of turns 



Wi 



L.f 3x1 



8 



d^ {^m- 001080 



:2755 turns. 



ELECTROMAGNETISM 1 Gn 

^tfrtmplr 4. — Whai is tbe maximum current whkh cmu 1j«> sent 
through the above coil in order that its teiupL'rature riye may nut he 
|great©r than 50** C. above that of the air ? 

The resistance (R) of tbe coil must first be found ; thus 

A mP ' « 

? = i;fT = ir(?2^^AT = ir. 1 . 2755 = 551 Or iticlic^ 
,, 4.5510TX OOOOOOtteTSS ,o.-- t™ 

And the BUi'face of the winding 

S = -rl)., L = ir3 X 3 = 9ir uqtiare inehw. 
Hence the maximum current 

QUESTIONS ON CHAITEK V 
[Suppfcment all Answers with Hketchfs vhcn poMail/lc] 

1. Fifi<l Imth tlte irvagnpto-njotive force an«i the iiiagtietising force per uuit leuj^tlj 
sctiug in a rnapietic eiriuit 30 cnnia. lonjr, and w hioh is finerR;ised by a cm rent of 
2 trap^ro* flowing round tbc 1000 hnus surr<>uiidiiig tlie eii-cnit, 

2. In the abovi' (juestion, how miiny aniptTt- lurtis would h<* re«(iiirt*d to produce 
« m»f:netisini{ fni-ne {\trT unit len^'th) of JOO C,<J.S. units ? 

3. Find the numlier of lines of forcB protlnted when a cnrreut of 5 aniin'ics llows 
through 200 turns of wire surrounding a n»at'i»f't'<" circuit, the h*n^tlj of winch = 25 
• mi., rrosx Rwlion 15 84|» cms., /i^lOOO. Give also the indiu'timt-dcnsity in the 
inaj^ietic cincniit. 

I. If a inngnettsing foroc of 50 C.G.S. unite ]>rodticca an iridttctton-d(>nsity of 
M.OOO lilies jKTi*], rm, in n injijijnotir circuit, wh«t is the vnluc of the |ienneability m? 

'». Fiml tlie losM rtf jiower ilui? U» nm^fiietie hyxtortsis in h cylindor of soft iron 
which rotate* ftt a fi|>ccd of 1200 revolutions |>er niii(Ute Iw-'tween line two ]ioles of an 
elect ro-m»gnp(. Tlie volume of iron is 100t» f.r, , tind tho sj>t«ciliP niagnc'tic ]iys- 
i> !H)00 ergs |>er c.c ywr cyrle per sec. 

6. How niany turn* of wire, insulated 1«» 0r»" dinmeter, can ha wound on a 
IjobbtD, the net winding l«.n^th of which = 3" ami the inner «ind outer windinK 
<lianirter i" and I J" re>ipfctively I 

7, Find the toli«l k-ngth of wire on the coil in tlie last (juuHtiun. lopetht^r with 
its rcawtanco, if the innterinl ia copper, having a diJimeter haiv of 04". 

S. What must Iw the din.nicter of the copper vrire oti n bohhin so that its resist- 
may lie 5 oliniM, if the winding length =: 4"', winding depth 2", inside diameter 
[^ thtckties9 of insulation on the wire 15 % on the diaineter of the bare wire ? 

9. IiJ the last «iue9tiont what la the weight of coppi^r on the coil if oot»i»or weighs 
555 ilm. jier cubic foot f 

10. A coil ii 6" long, 4" outaide diameter, and lias a resistanor of 5 ohms. Find 
the maximum permisaible current for a rise of tenipcrnture of 50" C. 

II. 8how by means of turret the approximate numerical relations l>ctween mag- 
netic itiduetion and {>ermeability for gowl 8i»ecimens of cast-iron, wrought -iron, and 

dynamo steel reipeclivcly. (Ord. Grade, E.L., C. and C, 1P02.) 
12. An electro-magnet in reijuired to work quickly auil to let go the armatui'w 
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How could this rejiult be ob table J f 



instantly «ii the cossatiiJii of the curriwtt. 
(Prelim. Grade, C. fiuil G., 1901.) 

13. An eleftro-iTiiitgnet hns to bv desifEimd to produce au approsimately uniform 
field of 10,000 liinas jMsr sf[. oni. over an area of 12 stj. cms. in au air-gap half a cm. 
loDff. Sketch an «lBctro-ma;<net ii]«proximately to ar-ale, with which this result can 
be obtainc^d without undue heating of the coils. State the g^nge of wire, uurnbor of 
turns, ourreut, etc, that imiy be nstnl, and describe in dolail how your results are 
olftained. (Hons, Grade, C. and G., 1J>00.) 

H. Wliat niagtiL'lio quantities me denoted by the symbols H, B, and m, and how 
are they related to one another? (Ord. Ornde^ C and G., 1895.) 

If". Cfikidate the numlwr of ampere turns of excitation re<iuirc'd to rnagDetise up 
to 1 1,000 lines per stj. cm. a soft iron nnj* 20" in Tncan diameter, made of ixiun*! iron 
1" thick. (Assump perme(ibility = 800.) (Ord. Grade, C. and G., !iS94.) 

16. A closed soft iron rin^, 100 cms. mean cirtumferonce and 5 sq. ctob. cross 
section, is uniformly wound with 200 turns of inniilated wire. Supt>08c you have 
fouud that the following relations exist in iron of thi.n quality— 

B= 10,200 12,000 13,700 , 

n= 2000 ir>oo 1000 

Calculate the « urrcnt (C) at which the total Hux of magnetic lines u dS^OOO C.G.S. 
liu«». (Ord. Grade. C. and G., 1SP2.) 

17. Calculate the sixo, romtance, and weiglit of copper wire Mich tliat, if wound 
on a magnet eoro 7"x 34", and having a P.D. of 2fi volta maintained between the ter- 
minals, 5000 ampere turns will be produced. (Length inside 'former' ia 8".) (Onl. 
1898.) 

18. Calculate the size, resistance, and weight of coiii[»er wire such ibat, if wound 
on a cylindrical iron corn &' long, 3.^" diameter, and having a P, D. of 50 volta between 
its terminals, 4400 ampere turns will be produced. The dianietfir of the completed 
coil is to be 7^". A cubic foot of co[»per weighs r»5(V lbs. (Ord. 1900.) 

19. Explain why an electro- magnet with a total resistance of 50 obm.s, connected 
direct to a bat (cry of veiy low resistance, will l>e moiv jHiwerfully magnetised if its 
two coils are joined up in 'multiple arc,* than would be the case if the coils arc 
joined up in *Mries.' Also ejtplain Mhy the reverse is lite case if the liattery aitd 
electro-magnet bo in circuit, with a resistauci" whicli is very high compAred with the 
resistance of thu electro-magnet. (Hoii.s. Tcleg. IHOO.) 

'JO. IIow would you calculate the length and iliamoter of a copper wire required 
to completely fdl a bobbin of a given huq to a given total resistance ; the thicknej 
of the silk covering of the wire n. being takeu into account, b being taken 
negligible ? (Hons. T. and T. 1901.) 

21. What is known by the symbols * H ' and * R ' in electro-maguetic« f Si 
what elTect the intn>iIuction of iron ha'* on the lines of force in a solenoid travi 
by a current. (Ord. T. and T. 1I>01.) 

22. Calculate approximately the strength of the magnetic field producetl at the 
eontro of a Holciioid -1" long, the coils of whicli are 1^" thick and have a mean 
diameter of 74", when the cuiTent density taken over wire and inaulatlou together 
and measured on a plane containing the axis of the solenoid ia 7f*0 ttmiK?res per si^. 
ill. Could a coil so constriicted and working with this ctirreut dt^nsity be used for 
long perioils without undue heating? (Honsj. 8ect. I, 1901.) 

23. Tht: resistance of the wire on a bobbin fully wound with silk -covered wire 
7 mils diameter k found to be 120 obmn; whnt will be the resistance if the same 
bobbin Skj equnlly wound with lO-niii wire ^ The thickness of covering to be tak«n 
as I mil in eacli case, what will be the ridntivo numbers of convolutions in the two 
cases? (Hons. Teleg. 1W2.) 

24. How do you picture to yourself the change which <>ccur9 in the corr of an 
electro-magnet when the current is turned on ? (Prelim. l&Ol.) 
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ELECTRC^-STATtC AND ELKCTKD-MAitNETiC INDUCTION 



Electro-Static Induction. — In tlie present cliapter tho fimdameriul 
principles involved in ihe production of transient or momentary 
currents of electricity will be considered. The subject is both interest- 
ing ami of the grciiiest practical iniportiince, forming as it floes the 
hosia of the action of impartant fflcctrical engineering appliances. 

We have already defined the unit of electric quantity called a 
* cfRiUimh ' as fh^ (jrimntit}f of rkdrkUy which Jlows per secoml past aiu/ ^nnnf 
of It omiiuchr eatf'i/iit(f one ampere. It is therefore an easy mjitter to 
evjilimte the number of coulombs of electricity given to a circuit in a 
Hpecified time wlicn the current is constjirit in strength^ the measure- 
ments required in such cases being that of the time of duration of the 
flow and the current slrengtli, which hitter is easily obtainable. 

Measurement of Transient op Induced Currents. — When, how- 
ever, it is <ie^ired to jiscertjun the charge or tjuantity of electricity on 
a charged b<xly, this must be emptied of its charge, so to apeak, through 
some meiwuring arrangement. A difficulty arises or may arise now, 
owing to the current produced l>y the discharge, iii the first place, 
lasting an extremely short time ; and, secondl3\ to its diminishing in 
strength extremely rapidly during this tinje of ilischarge. The 
effect may be likened to a bucket of water being quickly emptied 
into a slanting gutter with a drain at the lower end, the rush of 
water down the drain very rapidly diminishing to a mere trickle. 
Clearly in this case the meaaurement of the quantity of wai^r passing 
the drain would not be correct unless the reccptiicle employed to catch 
it wafi kept there lung enough to catch the last drop. 

The measurement of electric quantities is olitained by coimecting, 
in the circuit throtij^'h which the discharge i.s to take place, the coils 
of a suitable measuring instrument, arranged so that the whole of the 
discharge and resulting current passes through Itefore the instrument 
begins to iniiicate. In this case the total cttect of the rapidly 
diminishing current of discharge h proportional to the first fiing or 
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deflection of the instrument, and we have therefore a measure of tlie 
quantity whit:h has passed. Tlie instrument for etiecting ihc measure- 
inent of such transient or momentary currents of rapidly varying 
strength is termed a ' bifllistk (^(ilnmometiTj' and the descn[»tion of ti 
coramordy used form will he found on page *J09, Chapter VIL, on 
measuring instruments. 

Referring to page 29 ef sfq., it was pointed out that any insulated 
electrical conductor is able to hold a greater chargi.i or quantity of 
electricity fm' the mmc jiotcntial difference between it and a similar 
neighbouring conductor when it is closer to this latter conductor than 
when farther away from it. Further, it was mentioned that the 
nature of the intervening space played an important piut in deter- 
mining the magnitude of the charge, other things being the same. 
The nature or quality of the separating substance in virtue of which 
this inrtucnce takes place across it is termed the * fij^ecijir ivdtiriirt 
mjHtdif/ ' of the me<lium. The Greek letter n- is often employed to 
denote the magnitude tif this sjjecifie tpjality, and the value of o- ib 
given on page 30 for a number of importfint substEinccs. 

Conditions for obtaining: Capacity. Condensers. — Now any 
aiTangement of two neighbouritjg conductors sciKirated by an insu- 
lator is called an ' elecfnrul cond(n.'if't\' the conductors tiicmselves being 
termed the two conlinffs of the condenser, while the separating insulator 
or meiliura is called the didedrir. Any given condenser Js cajjable of 
holding a certain charge of electricity when eubjccte<l to a certain 
electrical pressure, and the charge or quantity of electricity in 
coulombs required to be given to one of the coatings of a condenser 
in order to raise the P.!X between the coatings to 1 volt is called the 
electro-static capicity, or briefly the capdciiif, of the condenser. The 
capacity of a ctindenser depends, amongst other things, on the shape 
and relative pusilions of its coatings with regard to one another. 

Methods of Building' Condensers. — In pmctice there are two main 
forms of condensers, namely, (1) the flat plate or sheet form and (2) 
the concentric cylinders form. 

Fig. 78 represents iti perispective elevation one complete element 
of the flat form of condenser^ while at the same tinve indicfiting a very 
common method of tmilding such an appliance. It consists of two 
distinct metallic plates or sheets T and /, which need only be of the 
thinnest material obtainable. For this reason tin/ifU (often only about 
0-0003" thick) is almost itivariably used. These metallic contiitgi; are 
instilated or separatetl from one another by the tiickdric or sheet of 
insulating material I . It is imp<.>rtant for the thickness of I to be as 
uniform and as thin as fiossible in order that the coatings nmy l>e close 
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Fut. 78.— KlemttntM of Cfindnnser In Pempwclivp. 

The thickness of sheet uaed in prac- 



Though any insulating snhst:ince can be used as a dielectric, 
mica IB the best, and is nUvnys need in the best condensers, because 
(a) it8S}X!cific' inductive ciipacity 
is high, (h) on account of its 
natiirid mecbinical rigidity it 
offers great resistance to m}> 
tnre — t.^. to being pierced— liy 
tlie paBsage of a spark across 
it from T lo ^ (r) it offers 
special facilities in the [>roduc- 
lioa of thill sheets of nniform 
■ thickness and considerable size. 

tioe varies with the electrical pressure to be employed with the con- 
fienser : the greater the latter, the thicker the sheet used. The same 

ItbicktiesD is of course used throughout the s^ime condenser, and for 
ordinary work thi« may be anj'thitig from 0'002" to 0*008" thick. 
As the specific inductive capacity of any substance is expressed in 
termji of that of air, which is taken to be imity or 1, it may be repre- 
«6nte<] by the ratio of two rjuan titles in the same units, and is therefore 
simply a number. 
The $p(dfic indiuUre cajmiii/ of any dideddc suMance w the numeral 
exprfXiififf (hr. ratio of fhf aijmcifft of ony condenser uithiff this !>iuhslriuee as 
dUlfftrie Uj the cufmcitif of the mme romhnser ming the miitf' thirhifs-it of 
•iir a* tiutUrfric imUad, 
Referring to the method of buihling a eonden.ser indicjited in Figs. 
78 and 79, the sheets of dielectric I may conveniently be made s(|uare 
■ I and the coatings T ami / oblout;, but 

-* of equal size. The top tinfoil sheet 

/ is tlieii placed on I so that 1 over- 
hips it liy an equal margin (J" wide 
or more) on tliree sides, / overlapping 
I on the fourth side by any convenient 
deurad amount The same arrangement is adopted with the other 
coating T placc<l on the other face of I» but the overhij) of foil T is on 
the opposite eilge of 1 to tliat of / . The object in having an overlap 
of the dielectric on three sides and of the foil on opposite edges is 
to minimise leakage of charge between the coatings, which is f:iUi\ to 
the satisfactory working of any condenser. 

Action In a Condenser. — The coatings or terminals of the con- 
denser are therefore T and /, and if these are connected to a source of 
K M.F. a certiiin charge or quantity of electricity ia imj^Nuted to one 
coating, thereby raising iu potential above that of the other coating by 



I 
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an amount equal to the E.M.F* of the source. A corresponding charge, 
of opjjosite sign, is induced by electro-static attraction across I on llidJ 
opposing face of the other coating (mie p. 28), If now the E.M.F, be 
removed and T, / connected together, the two charges combine and 
neutralise one another^ an<l the condenser is said to be di-<ihwjtd. 

Another way of viewing the action of a condenser is a.s follows:- — 
Let T and t be connected to the same E.M.F. and be separated by a 
considerable distance. If t is connected to the + '"'' end of the E.M.F ♦ 
electricitj^ will tlow into /, quickly raising its potential to the maximum 
of the source, while the potential of T and the induced charge on it 
will be very small As T approaches ^, the charge of oppossite sign on 
it, which is induced by /, gradually increases, and the potential at t 
due to it tends to diminisij the potential of i iuelf, more electricity 
flowing into / in order to maintain its original potential. 

A small fraction of a second usually suffices to charge and discharge 
a condenser, but the <[uantity discharged is always slightly less than 
that employed to charge a previously perfectly discharged condenser, 
owing to a phenomenon met with in all condensers and known as 
resUlual Hhs^npiion. This, in a measure^ is somewhat analogous to the 
residual magnetism exhibited in an electro-magnet, or, again, to the 
temporary set in a wire after torsion^ hut it is not altogether a happy 
term. There is no absorption of electricity actually, but apparently it 
wonld seem that some small proportion of the original charge remains 
*buuwr {ride p. :20) after the first discharge, and this may more cor- 
rectly be termed the rc-^iduul rhargc. More correctly, this so-called 
' residual charge ' is duo to the gradual recovery of the dielectric from 
the strain caused l)y the i^tress imposed through the force of attraction 
of the charges of opposite sign on the coatings of the condenser. 

Since the * residual charge ' increases wnth the magnitude of the 
charge, and also with the time for which the contlcnscr remains 
charged, and moreover depends on the nature of the substance used as 
a dielectric, the ineiisurement of capacity by comparison with gtandartU 
will !)€ complicated when the condensers arc built with different kinds 
of dielectrics. This can be seen from the fact that the capacity 
will vary with the time of charging with such conditions present. 
The difliculty in the measurement is got over by methods of com- 
parison, in which the condensers are charged only for an extrenit'ly 
small fraction of a second, and the effects of absorption thereby reduced 
to a minimiun. 

There is no absorption in ati *air' condenser, and iho phenomenon 
seems to become more pronounced as the rigidity of dielectric iwed 
increases. In papers lead before the Hungarian Academy of Science 
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oil May 20, 1901, and June 18, 1900 {Eldtroierhn, Zeitsckr, xxii. 
pp. 170-215 and 716-785, 1901), M. v. Hoor pointed out that con- 
siderable variation occurred in the capacity of a condenser with change 
of pressure employed in charging it. In i>jiraffined paper condensers 
aiul paper-insulated cables the charge increased only aljout 3 ^ 
between 5 and 30 seconds, and at higher P.D.'a only 0*2 %. In 
glaj^s and mcgohmit condensers the time required to charge is much 
increased. The ditference between the quantity of charge and dis- 
chjirge was 2 ^/l with paper and megohmit condensers and 6 ;^ with 
l^ara. Most of tints is got rid of by discharging the condenser a 
second time. 

Another phenomenon met with in nl! condensers which are employed 
with alternating currents is that ki^owu as ' didediir Inj8ieresu% in virtue 
of which the condenser becomes warm, due to an expenditure of 
energ}' in rapidly reversing the sign of the charge with respect to the 
two coatings. It is analogous to magnetic hysteresis, and cannot be 
^t rid of. It may be minimised by employing a dielectric having a 
amall sf^rijk dulrdrif htfsUresii<, and by using aa little of the dielectnc 
a» possible. There seems to bo the siime kind of relationship Ijctwcen 
refiidnal charge and dielectric hysteresis as there is between residual 
agnetism and magnetic hysteresis. The same authority (M. v. Uoor) 
da that by var^'ing the charging potential in steps a hysteresis cun'e 
is obtniiietl which is exactly similar to the ordinary loop curve of 
iiwignetic hysteresis (/•/</<' p. HG). Still more ciuions is the analogy 
between the exprcrssions giving the losses of energy due to dielectric 
hysteresis, which he finds is proportional c^*'^ (where e, stands for 
ctro-stiitic iirductiuri), and that d\ie to magnetic hysteresis, wliich 
wc have seen is propcMtional B'*'. 

Now the definition of the capacity of a condenser given on page 
IGH fiirnishcs ns with a very simple relation connecting wipacity i\ 
4Uai]tity Q, and voltage V. 

Suppose that a condenser of capacity C farads is charged and dis- 
charged by the application of ditreient pressures V^, V.^ V.^ . . . volts, 
and that the quantities of electricity in coulombs flowing into or out 
uf the c<jndenser for these P.D/s are Qj, Q^, Q^, , . . Then it will be 
foimd that 

r ^' ^'^ '^•^ ..n 
^ = V, = V,= V,= ^^'^' 

which shows us that the capacity of a condenser is alsvays constant. 

Tlie above nde corresponds with the detinition of capacity, and writing 

it in a more general form we have 

C = ^, orQ=CV. 
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Unit of Capacity. — If wo make Q=l and V=:| in the 
relation, tbc definitinTi nf the pnictical unit of capacity (called a 
* farad *) is ohUtiiied ; thus, a farafl is th' capadty existent in a condenser 
which requires a P.D. of 1 voU behveen its coatincfs to diartjt each of th^in 
with 1 cmlonih of elti^irkiiy. Such a unit is, however, far too large for 
practical purjioses, and therefore Vk * microfarad* {i.f, one-millionth of 
a farad) is always used to express the value of capacities. Now, 
referring to Fig. 78, it will be seen that the active or effoctive area 
of either metallic coating la equivalent to the area of one fcaco of 
the dielectnc covered by tinfoil on hoik sides— i.e. to the whole 
area of one face of I minus the area of one face of the margin all 
round. 

The final building size of the 'large-type* Swinburne high press 
condensers for 2000 volts was 20" x \0'\ that of the small -type 
10" X Ih", while the effective size of coating in eitch t^^pe was a little 
less than the above dimensions by the margin of dielectric allow 
Owing to the difficulty and expense in obtaining mica in such la 
sheets the dielectric emploj'ed in these condensers is a form o 
parchmentised paper, knoivn commercially as manilla paper, or co; 
raonly as butterskiu. This was found to have a specific induct 
capacity of 1*86. and when properly dry, six thicknesses (each O'OOll 
thick) broke down tind were iMcrced by 1800 volts roughly. In 
order to exclude moisture from the dielectric, after the condensers 
had been baked or dried (paper being hygroscopic), they were 
immersed in dehydrated |x»raffiu oil contained in suitably scaled 
receptacles. 

In small condensers used with induction coils and such - like, 
ordinary jwiper is used for the dielectric, but after first being examin 
against the light for holes it is soaked in melted paraffin wax 
(1) fill up the f>ores of the pajxu^ and thus make it more liomngeneou" 
('2) make it less hjgroscopic, (3) increase its specific inductivt' 
capacity. For eifual P.D.'s between the coatings a greater thickness 
of dielectric must 1>q allowe*i» if ]irepaTed paper is used, than if mica 
is emjjloyedj in oi*der to avoid it being pierced by a spiu*k and the 
condenser breaking down. This is due to the mechanical rigidity of 
such pai>er being inferior to that of mica. Owing also to the smaller 
specific in<luctive capacity of prepared paper, a condenser made with 
it would be much more bulky than one using mica for the 
capacity and voltage. 

Relation between the Capacity of a Condenser and its Dimen- 
slons. — In the case of a spherical air-condenser consisting of two 
concentric spherical metallic surfaces of radii R and r respectivcl)', 
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by air aa a dielectric and cliarged by a source of E.M,F., it 
readily be shown ^ that the capacity of such a condenser is 

li R and r are nearly equal, ie. if the thickness f of the layer of 
tir between the spheres is very small, we may call R,,^ the mean radius 
1 etween K and /", and the last formida becomes 

C= - ^ approximately. 

But the area A of the surface of a sphere of radius R^ is 

iiud this is approxinmtely the area of the surface of either spherical 
coating of radius K or r. 

Hence substituting the value of 

in the pre nous relation we have the capacity 

C= .—- in electro-statie uuiU. 

Since the specilic inductive capacity o- for air =1, and that for any 
other dielectric is reckoned in terms of this value for air, and further, 
ftincc I practical unit of capacity (a farad) is equivalent to 'J y. 10'^ 
electro-atatic C.O,S. units, we have a general expression for the 
capacity of any condenser, namely — 

where / is in cms. and A in square cms.; 

(2-539 tt/*Ag _ Act . Aa 

^^ ^ ~ i-130»7 K 10" X t A 2-5899 "4 ■1528 x lO^H '^'TlmxlGft " '^' 

vrhere t i< in inches, A in square inches, and 1 inch = 2 ''5399 cms. 

The above relations, it must be remerabererl^ are close approxima- 
liona to the truth in the case of spherical condensers and utider tlie 
aMumptions or conditions named. It can, however, be shown that 
lh«e* relations are also approximately true for condensers of any form, 
whether flat, cylindrical, or otherwise, pro\iding t is small compared 
with the linear dimensions of the plates. 

Wc may here with advantage take a few examples of the applica- 
tion of the preceding formula' : — 

* Tlitf detail of thti proof may be found in ttliuost any textbtjok ou electricity 
mugiittUm, ipacir uot itermitting of it being given lieie. 
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Example I, — What would be the capacity of a condenser consisting 
of 1000 pktes altogether, each 5"* y i" in effective size, the dielectric 
being mica 0"005" thick ? Specific inductive capacity of mica to l>e 
ttiken as 5. 

Since the dimensions are in inch units, we take the last formula 
niul substitute the values of the symbols, remembering that there will 
be 500 plates to each coating, and that the cfl'ective area of one plate 
is twice the area of one side. I 

Hence the capicity 

E.mm}>tf 2. — How many plates altogether will be required for a 
condenser giving a capacity of ID mfds., each plate being 10" ^< 8" in 
effective size, the <lielcctne used being of the same size and material 
as in Example 1 1 

The tot^tl effective area A of either coating must be found first. 
Thus 

. 4'4528xlO«xiC 4-4528 xlO«y '005 X 10 ^ . ,^„ 
A= — ■= i = 44,528 «f{.in«. 



The number of plates per coating will therefore he 



44528 
2x10x8 



= 278-3, say 279. 



and the numbei' of plates altogether will be 279 x 2 = 558, 

EmuqAr 3. — If the condenser in Example 1 be charged at a P.D. 

of 10 volts, what will be the charge? 
Since tj = CV, 

the charge will be 



.>-cv-ti-^io-**l^ 



mlomba = 44*9 mii-rocoiilombs. 



Exam/ih- I. — What must be the cajiJicity of a condenser which 
requires a P.L). of 100 volts to charge it with 10 coulombs ? 
Here the refpiired capacity 

<^ = Y= 100 = 10 '^"^'^• 

Rules governing Capacity of Condensers. — Thcaa are three in 

number, and may now be enunciated as follows : — 

1. The capacity of a condenser is directly proportional to the 
effective area of either of it^ coatings. 

2. The capacity of a condenser with flat jmrallel plates is inversely 
proportional to the flistance between the plates of the two coatings. 
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3* The wjjjvcity of a condenser is directly proportional to the 

nfic inductive capacity of the dielectric sepamting the coatings. 

llie somewhat striking analogy Vietween the foregoing rnlcs and 
in cofuiociioii with the resistance of a conductor (p. 68) is worth 
noting. 

Now bearing in mind the construction shown in Fig. 75^, it will 
l»e seen that for a given dielectric (f.(f, the best) a large cajMcity can 
onljr be obt«ine*i by having the plates or coatinga of a condenser veiy 
lurge or very close together. A limit to both is, however, scjon 
reiiched — to the fonner, owing to bulkiness, to the lattei*, owing to the 
risk of the dielectric being pierced by the charge. Such an arrange- 
ment a3 sliown in Fig. 7H woulfl have a (.■iiinicity of only a very small 
fruction of a microfanul ; but a large capacity having a convenient 
uzc And thickness of dielectric can easily be made by combining a large 
number of such elements tin indicated in side-sectional elevation by Fig. 
71), which shows three plates per coaling. In this manner a condenser 
can \te made, each coating of which may consist of hundreds of tin- 
foil sheets connected together as at i or T to form one of the two 
trrmirials. The sheets of one coating are interleaved alternately with 
those of the other coating, and separated from them by the sheets of 
tiielectric. The effective area of each sheet of foil is ecjnal to the 
sum of ita two faces actually covered on each aide by the tinfoil 
sheets of the other coating ; or, if p is the effective aren of one face of 

one pUitc, then the number of plates in each coating s^i' 

Fig. 80 shows the general view of a tinfoil nnd mica condenser in 
containing Irox the outjside dinien- 

sioDs of which are 13" x 8* x H" deej*. 

It is built up in sections having six 

separate capacities of Oj, (J 5, 2, 3, 

i, and 10 mfds., rcaj>ectively, and 

connected to a special form of plug 

j*wit<;hbtKinl on the top, designed by 

the author for the piu^se of enabling 

the several capaciticB to be used singly 

or in any combination series, panillel, 

or parallel series so as to multiply 

the numlicr of different values of 

capacity obtainable. With pure par- 

;illel combinations only, any capacity 

from 1 to 20 mfds., Iiy 1 mfd. at a time» can ]>e o!>taincd. 

The plates of foil and <iiclcctric in all cori<lotjsers are pressed 

tightly against one another by suitable clamping plates and rods. A 
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description of the KelviTi brass plate *«»>' conderiBer, for use as a 
standard in measuring the small capiicities of short lengths of electric 
light cables, will he found in Elediiad EiKjin^erhitj Te,sttng, by the 
author; its capacity being 0025 tnfil Tu give the reader an idesi 
of the quantities pertaining to a Swinburne bigh-pressnre large-tjpe 
condenser for use with ttlternatiiig currents, the following figures are 
given ; For 2000 volts and 7 lufds. capacity, 8000 sheets of 
butterskin and 6C6 sheets of tinfoil are employed, the current of 
charge and dischaige at 50 complete cycles of alternjition per second 
being i4 amperes. For 50<> volis and lOQ mfds. capacity, 7500 
sheets of butterskin and 2500 sheets of foil are used, the current 
being 15 -71 amperes. 

L. Lombardi, in an article on high-tension condensers (EUttridl 
Milan, 19. Oct. 6, 1900), uses tinfoil sheets and paraffin-wax sheets 
prepared by a special process, and which are thin and perfectly homo- 
geneous. Sheets 3G x 49 cms, and 1 "2 mm. thick wore tested at 17/KM> 
volts, and made up into 10 condenser sections of 50 sheets each. The 
rise of temperature (measured by a thermocouple) of each section aftci- 
10 hours at 5000 volts was l'*t'* C. at the centre of the sheets and 
3 '2** C. at the edge* The loss in the whole condenser at 50 cycles per 
second was 100 watts. A condenser capable of working continuously 
on 10,000 volts would have a thickness of dielectric - 2 mms,, and u 
1-mfd, condenser would require a little over 200 lbs. of this dielectric, 
the total cost of all materials not exceeding £14. 

Cylindrical Condensers — Capacity of Electric Mains. — Kemcm- 
l>ering the principles and deftnitions already enunciated, we are able 
to see that any so-called electrical conductor or cable, consisting in its 
simplest form of a copi>er or metallic conductor insulated all over with 
some insulating siibstiince, may possess electrO'Slatic capacity. For 
instance, such a cable lying on the ground has a capacity which depends 
primaiily on its geometrical form^ i.r. whether it is coiled up or is 
lying straight, for the copper core and earth form the two coatings 
which arc separated by the insulatitig covering acting as the dielectric. 
A submarine telegraph cable possesses capacity to a veiy much 
greater degree, and here the water and earth together form the outer 
coating. The capacity of a single insulated conductor such ns that 
first mentioned is so small that it can be neglected, but that of the 
so-called concentric cable, a form introtluced of recent years, and now 
used so extensively, is much too large to neglect. As the considerations 
relating to the cflect of capacity in bi -concentric and triple-concentric 
cidiles is of great moment to electrical engineers nowadays, wo ma)' 
perhaps profitably consider the expression for the capacity of such a cable. 
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Let Fig. 81 represent a piece of bi-coiieentrie cahle consisting of a 
central stranded conductor //ij, and an outer simnded ono m., insulated 
from the inner by the insula- 
tion 3 which acts as the -x — -r- 
dielectric. The outer insula- 
tion I takes no part in the 

[uction of capacity. 

Let R = radius in cms. of 
llie inner surface of the 



-f■f:^l: 




Ha. KJ. ayinbolle Sflkeieh of Concentric Cable. 



outer main w.^ and r = radius in cms. of the outer surface of the inner 

main w, ; D and if being the diameters of the surfaces coiresponding 

t;o the alx)ve radii respectively. Let L = length of either conductor or 

main in cms., and o- = specific inductive caimcity of the dielectric 8. 

Then it can l>e shown ^ that the aipacity C is given hy the 

standard relation 

r- ^^ - <yLi 
" 2log<.R/r~ 2log7D/5 

Bl electro-static C.O.S. units. 

But I famd = 9^1 0" electro-static units of ea|)acity, and 

where 



of 



r= 2*71828 . . . the ha«e of the Napicriun — and 10 the base 
the ordinary comnmn logarithms. 

"^ .-y ,^ i^ -. f^^ i- J 

C= : ^^^ I — n— C.b.S. u lilts = ^ -;r7ni — , ^--. . — o-T- i«nMla 
4 -OOS log K/r 9 . iP . 4 UOS log Hjr 



lOVL ^2-413 

'9. 10". 4 -605 log R/r~ 10' 



bg Ufr 

But ) English statute mile ^ 160,933 cms. 
„ 2*413x160,933 <f e 



nifdA. 



mfda. per mile. 



10' log K/r 25-75 lug R/r 

Capacity of Two Wire Hon concentric Cables. — J. B. Pomey - 
luced an expression for the electro-stetic capicity of a twci-core 
iccntric cable in which the conductory are fwirallel. 
Thus if <r = the specific inductive capacity of the surrounding 
insulation, and d - the dtstiince in cms. between the centres of the 
condnctors, whose radii = K, and R^ cms., then the capacity per cm. 
length of the cable is 

2log(K+ v^li--l) 



• DBwb»iicr« ytUurrU I'hihtophff—EUctrkUy, p«rt3, 1901, p, 82, 
- jtcL gtfetr, 19. pp. 131-138, 1899. 
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cP'2Rj« 



If the conductors were of equal size, as is most probable, then Rj - 
and K- 2Kj« 

The capacity of ordinary high-tension bi-concentric electric light 
cable about 19 18 gauge vtiritis, depending on the maker of it, from 
about 0'30 to C^'37 mfd. per mile with piiper or its compositions iis 
insulation. The same cable having vulcanised nibber insulation 
instead ha^ about double the above capacity. The capacity of the 
' direct Atlantic ' telegraph cable between Ireland and Nova Scotia is 
almost 1000 mfds. 

In telegraphing through such a submarine cable, the whole cahlc 
hits first to he charged, in a similar way to that in which a con- 
denser having a capacity of 1000 mfds. would be charged, before 
the message is received at the other end ; or, in the case of its being 
tested for insulation resistance, before readings could be taken. This 
charging of a cable under test for insulation resistance is often termed 
its ' fkdrifanlwn^' and i» allowerl to go on for one minute, in the case 
of electric light and power cables, before readings are taken on which 
its inBulation resistance is to be calciUated. The * soaking in,' so to 
speak, of the charge may, and usually does, go on for seveml minutes 
(vidr p. 170), but the greater part occurs in the first niinut-e, and hence this 
is made a standard time interval and basis of measurement. Since the 
outer sheathing and water, as we have already remarked, forms one of the 
coatings of the cable condenser, the copper core being the inner or other 
coating, we have practically the previous formula for its capacity ; or, in 
the case of an ordinary single-core cable on land or in the sea, we have — 

m. .. r, i!*41.'Jx 2029x9 1-44 «rL„ ,. 4*476 ah^ 

The capacity C= - ^^, i^RTr'^'^^*- = lo(r "l^in^' 

whei^ 1 nautical mile {the knot) = (2029 yds. x 91 -44 cms. jier yd.) cms., 
L„ = the length of cable in knots, (r = the specific inductive capat^'ity 
of the insulation used, R and r having the same meaning as before. 

In long-distance telephony it is of the utmost importance to 
neutralise or minimise to the utmost the electro-static eajiacity and 
electro- magnti tie induction (p. 1 82 d seq.) of the circuit, since telephone 
currents are rapidly fluctuating ones. The methods of elimination, how- 
ever, amnot be considered here, but a few (mrticutars of one prominent 
telephone line, * ihr Ltmitm tnni Fni'h%* will be iristrnctive. There are four 
conductors side by side, forming two complete outward and return cir- 
cuits. The lengths of each of the four conductors are— 283*5 miles 
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overhead, 23 of submarine, ami i'S iinflergroutid. Tlte ti)tal 
resistance is <>93 ohms, and the ciifwifity 10-62 mf<k,, of which onlr 
4*05 mfds. is due to the overhead portion. Thi> capficity of the 
Irish telephone cable is 0'304r> mfd. per knot, the insulution being 
gutta-percha. 

We may here consider a numerical example of the above relations. 
Ej-Atmjth, — Find the capacity of 2 miles of bi-concentric clertrii- 
light cable, insulated with vulcanised india-rubber (specific indiictivt' 
cjipncity 3'0), if the diameter of the inner surface of the outer main be 
l" and that of the outer surface of the inner main .V'. 
Hence 

pi 



I 

I 



10'^. *30l 



= 0773 mfd. 



10' log DA/ lO^Klogl/i 

wlicre I mile =lG0,933cms, 

Consequently the above cable has an electro-static capacity of 

^=0"38G5 mfd. per mile. 

Energy expended and Work done In Charging* and Discharg- 
ing a Condenser, — If a charge Q of electricity (in cuulomljs), at a 
constant or steady pressure, raises the P.I), between the two coatings 
of a condenser from to V volts, the average P.D. during charge 
= JV, and the total work done in charging, or the energy stored np 



by the condenser, will be k QV joules 



07:173 



QVft. lb*. 



.^,r,..:w. 



But the law of the conservation of energy tells iis that the work done 
in charging a condenser H*|uals that which coidd be dtuie by the same 
<[nantity of electricity on discharge. Hence the above rclatiotia y;ive 
the energy of discharge^ as well as that of the charge. 

Since (J^CV. 

the energy expended by the condcn«er in discharging is 

'here C ia the capacity in fanwls. 

The foregoing re^isoning shows us that if a condenser is charged 
from a wmstant P.D., the energy stored up by the condenser, namely 
J(0'7373 QV) ft.-lbs., in half tlie total taken from the sujiplv^ jjamelv 
(0'7373 QV) ft. -lbs., which latter is partly stored and partly dissiiwted 
m chargin*!. 

Combinations of Capacities. — Condensers may, tike (osistanccs 
{^ide p. S3)t be connected up in circuit in three distinctive combina- 
tions, viz. (1) all in series, (2) all in parallel, (3) partly in series 
and partly in puraliel. Figs. ^'2-Sb indicate four such couibinations 
out of several possiftle, when, say, four ditterent capacities or con 
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tleneers are employed. K^ich condenser is rejiresented in the usual 
way, for simplicity, 1.13^ two equally long, dark, and pamllel lir»e*. 
The capacities of the four condensers may be termed Cj, C^, C,^ C4 
reBpectively, and the terminals of the combination in each case T, T. 
Capacities in Series.— If all are in simple ' sene,%' or joined * end 

C C c C "*^' ^^ ^^^ another, as indicated in Fig. 82, the 
J[ fill 1 1 I It effect is equivalent to that dne to an increase 

' ' * ** I I ' in the thickness of dielectric for the same area 

aim t cs in Spri«*. Qf (.Qating. Hence from the relations on page 

174 it follows that the capacity C of the combination between T, T 

will be less than that of any of the individual cuijwcities, and it can Ik* 

shown that 



1 1 



_ J 



or generally 



c== 



C,2 C3 C^ 



J,* 
c. 




^a. — 1:« i«cj L»fT« ill 



where there are any number («) of capacities in series. It will thei-e- 
fore be observed that cnpaciiies in series add up or comhifw like resislmices 
in parallel {mde ]x 84). Capacities in series are 
often spoken of as being in 'cascade/ 

Capacities in Parallel. — If all are in 'parallel,' 
or side hy side between the terminals T, T, the 
arrangement is obviously erjuivalent to building up 
or adding together a number of sections, such as 
that of Fi^. 78, to form such as that in Fig. 79 ; in 
other words, to enlarging the area of the cfiatings for 
the same thickness of dielectric. Thus it follows (p. 174) that the 
C C capacity (C) of the combination of condensers in 

J I j L jiarallel between T, T will be the sum of the 

—1/ /^~" individual capacities. 

^3 C^ or generally C = C, + C3+ . . . +C, 

where there are any number («) of capacities in 
imrallel. It is therefore seen (inde p. Hi) that 
mpacitm in pfiivllel combine lik** rmskinces in 
aericii. 

Capacities in Series Parallel Arrange- 
ments. — All (vtlier methods of connecting con- 
den.sers than the aliove are merel}' combina- 
tions of these two methods. Thus Fig, ^^4 
shows two in scries and two in parallel, and from the above rules 
the combined capacity between T, T is 



Klo. M. — CftpavktinH in 



4 



-Ot 



F4n. S&.—CiiiwcUleA 111 Srri. 
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c=('.'T-)H-(r^)=Ci£k.cA. 



Fig. 85 shows yet another arrangeraent* for whicii 

hi ■ 

R<»fcrrii 




c^ 



fcrring to Fig, 80, it will be seen that the phitr avvitchboard on 
the top will enable several different combinations, sucli as those above. 
to be readily obtained. 

Uses of Condensers. — The value or importance of the con 
dens^^r, and its action in the many uses to which it is put in electrical 
engineering work» can hardly be over-estimated, and the author desires 
this to be the excuse for dealiii*;^ with it more in detail than is cus 
tomnry in most text-books. There are several in.stances where 
electrostatic capacity occurs through natural causes, in which it acts 
in a deleterious way. In other cases it may be applied artificisitly 
irith the greatest utility. As an example^ the heavy capacity 
poiseased by a submarine tele^aph cable (tide p. 178) tends to 
seriously flirainish both the speed of signalling and the economical 
working of the cable system. In such u case the battery has to 
diarga the cable, which t^ikes some seconds before any effect is 
produced on the receiving instruments at the dist^mt end. Several 
devices are resorted to in ordrr to minimise capjicity effects in such 
cables, such as balancing the capacity with an artificial capacity of the 
\alue, as in 'duplex ' signalling. 

Incidentally, it may be mentioned that the Atlantic cable is so 
ImLuiced by a condenser containing something like 100,000 square 
feet of tinfoil. Condensers are used on some land telegi*aph lines 
for avoiding '&irth currents'; and again, conrlenscrs shunted by a 
resUtance are connected in series with the etectro-magnets of instni- 
netits to nullify effects *»( electro-magnetic induction in the coils of 
certain instruments, so as to increase the speed of signalling ; also 
with certain types of electro-motors known as induction motors. 
With what are known as electro static voltmeters (p. 237) three very 
small capacity condensers are joined in scries, and the ends of the 
extreme combination connected to the very high voltage to l«j 
meaitured. The ordinary electro-static voltnieter is connectetl to the 
terminals of one of the three condensers, and lience reads a certain 
fraction of the total pressure. 

The Allgeroeine Electric Company use micanite as the dielectric 
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in the condensers, and by the abovt^ device can make an instrument 
for 7500 volts read on a 25,000-volt circuit. Messrs, Siemens and 
Halske use ]>r>rcelaiii plates 5 mm. thick fur the dielectric, and 26 
s([imre cms. in area, with coatings of the same area. Condensers are also 
used with induction coils to increase the spark at the secondary coil 
and minimise that at the ' contact-hreaker ' and its destructive effect; 
with electro-static ' frictiotial ' and * influence ' machines, to increase the 
length of spark, hut for this purpose they take the foim known as the 
• Let/(ku J>ii\' which consists of a wide-moulhed glass jar coiited inside 
and out — hoth hottoiii and sides — with tinfoil up to about |^ths 
of its heij^ht. A metal knob, carried by a metal rod which just 
passes (without touching) through an insidating cork, is let into a 
metal foot that rests on l>ottora of the jar and makes contact with 
the inner coating. The glass jar is the dielectric and the outer 
coating the tinfoil outside. These so-called * Leyden jars ' are cylindri- 
cal condensers for very large P.D.'s, usually hundreds of thousands of 
volts at least ; and though their capacity is very small, the charge 
which they can contain may be considerable for 

^> = <'V. 
Lastly, the efl'ects and uses of condensei-s with alternating currenta 
are many, and the former in some cases astonishing. Such, however, 
can more aptly he considi^rcd in a later chapter, afU:!r alternating 
currents have been deidt with to some extent. There are many 
methods of measuring electro-static capacity, but space will not ftermit 
of them being considered here. For a detailed description of such 
methods, together with the ap|)aratLis needed and mode of coupling 
it up, etc., rkit: the laltoratury text-book, Pmctiail Elfdrical Ttstimjy 
by the author. 

Eleetrch mag-net ie Induction. — By this the reader is to underst^ind 
the phenomuiKiu (if an IvM.F. being set njj ur ei-eated by the rclntirt 
mo(('W,< of a magnetic tield and an electrical conductor. He must be 
careful not t^ confuse what is meant in the above statement with that 
in the action of a coil of wire (carrying current) on a piece of soft 
iron in the vicinity. In this latter case the coil magnetises the soft 
iron inductively by inducing a south pole in the end nearest the 
noi-th ])ole of the coil. The action, in other words, is magnetisation 
by induction {'vWt' p. 8), whereas the following pages will deal 
with transient or momentary induced E.M.F.'s in a conductor caused 
by corresponding alterations in the amount of linkage of lines of force 
with the conductor. The phenomenon of eh^ctro-magnetic induction 
will he much more readily gnisped if die conditions under wliich 
it takes place are thoroughly understootl. 
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H Induction dependent on Changre of Linkage. — As was pointed 

■ ottt iu Chapter I., lines of magnetic force are always taken to be 
^^^■ontirinmis or c]ose<l loops or pntlis which run i«irt]y in air and 
^^^mrtly in any magnetic uiaterial in the vicinity. If snch a loop of 

■ nuignetic force encircles part of an electrical conductor, also forming 
B a closed circuit on itself, the two nre said to be linked with one 
H another as any two snexi-eeding links of a chain wonld be. If two 

■lagnetic h'nes of force encircled the same conductor, the linkage of 
HnM and inrn would be 2x1, or 2, if. double the linkage in the 
proTious caKc, 

Further, if these two lines encircled two tunis or loops of the 
oociductor inst<?a<l of only one, the linkage would be 2 x 2, or 4. 
G<9ii6raliy, therefore, whenever N biies uf force or loops of magnetic 
indttciion encircle any point of a conductor looped into T turns, or, 
which is the same thing, when they (lass through the plane or planes 
of such a bxjpeil conductor, t^he total linkage uf Vuw^ of force and 
U%fn& is TN linkages. 

We may now state thr vur am<l\tv»n under which it is possible at all 
lor Ji transient HM.F. to be set up in a conductor which is situated in 
a nnignetic field, namely, that tlare mtiM he relative motion of Jield awl 
C4Mtiuc(vr in stwh a iratf as to mnsf. the linhnjt hfiur^n ih^m to oc.tuaUif 
rAan^e in ttfiumui. To cite a definite instance, imagine a circular 
cnmiuctor in the form of a hoop placed in a uniform magnetic field (it. 
a field in which the lines of force are stmight, parallel, and equidistant 
from one anotlier) with it;^ pliine perpendicular to the direction of the 
lines of force. Now, no K,M.F. will be inducoil in the hoop if it 
movf's either way in a direction parallel to the lines of force or per- 
pendicular to them. The former motion i.s one of slipping along only, 
and no cutting occurs at all ; the latter motion of cutting only, but the 
two halves of the hoop cut the field in the same sense, thereby giving 
rise to two eqiMl E.M.F.'m iu oiipositc direetiouw round the hoop, 
which ncuti-alise, so that no induced E.M.F. is ohsevrahk. 

In lx)th motions it is obvious that the hoop encloses exactly the 
jiamc numl»er of lines of force in all positions, hence the amount of 
linkage is unchanged, anrl therefore there is no induced K.iM,F. An 
E.M.F. will, however, be intluccd if the hoop moves in a nonuniform 
field in any way auch that it cuts across while enclosing some of the 
fieltl, l>6cau8e in such » motion the linkage is cortinnally changing 
in magnitude. If the plane of the hoop is tilted as it moves across 
the lines of force an E.M.F. mi// be iuiluced in it, for then one-half 
will cut the lines at a different rate to the other half, thus creating 
two Hveqwil but opposite E.iM.F.'s. The difrcrence between these 
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E.M.F.3 is the efl'ective E.M.F., while its jjroducliuii, in other words, 
has been caused through an ulteraiion of IMuije during motion. The 
foregoing actions woulil occur procisely if the magnetic field moved 
instead of the hoop, or if huth movLnU 

Induction between Parallel Stralgrht Conductors— On page 122 
we saw that any cornluctor carrying current was stirroundecl hy a 
magnetic Held consisting of circulitr lines of force concentric with the 
conductor. Further^ that if the rest of the circuit was close enough 
to the portion luuler consideration, this field was distorted sunie- 
what into an eccentric, ncm-circiilar form round the conductor. 

Let Fig. 86 represent an arrangement of two conductors PP^ and 
SS^ side by fidp, and forming portions of two complete but distinct 

circuits, G is a ballistic galvano- 
meter (p. 209) in circuit with SSj, 
while B is a source of E.M.F. and 
K a key in circuit together with PP^. 
On closing K, thus completing the 
circuit through B and PFp a current 
is sent through PP, by the E.M.F. 
B in the direction of the arrow, if. 
from P to P^. The whole ciixniit 
PPjBKP is therefore completely en 
veloped in a magnetic field ; but 
restricting our attention to the line^ 
ui force F in a single plane through 
one point in PPj, we see that these 
lines in springing out, at the moment 
of closing K, cut the conductor SSj. A .sudden momentary defection 
of G is observable, indicating the presence of a momentxiry E.M.F., ami 
therefore of current in the circuit of 8Sj. On breaking circuit at K, 
the lines of force collapse in disappearing, due to stoppage of current, 
and therefore cut SS^ on the opposite side. This causes an KM.F. 
and current to be induced in SS^ in the opposite direction to that on 
closing K, as indicated liy G deflecting in the opposite direction. 

Further, since we have already remarked that it is tiiuite immateriiil 
whether the magnetic field or conductor or both move, it follows^ by 
reasoning, which can also bo experimentally verified, that the deflection 
of G, and therefore the indnceil E.M.F. and current in SS,, is in the 
same direction, no matter whether PPj and S^S are stationary and K 
is made, or the cuirent in PPj ia steady, an<l SSj is suddenly moved 
sideways toward.^ it. The con^ei-so is also tnie, namily, the induced 
E.M.F. and cun-ent in SSj is set up in the opposite tlirection to that 
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■ jiifit named if PP, ainJ SSj are sUttionary and Iv Is opened, or if the 

■ current in PP^ is steady and SS^ suddenly moved sideways aietitf from 
it. These eflects, it will l>e observed, occur tutltf within tht? interval 

I during which the motion of the conductor or the closing and opening 
of K takes place, and they are due to the sudden alteration in the 
llokAge between SS^ and the field of PP^. It may be observed that 
currents would also be set up in S^S in opposite directions by keeping 
SS, fixed and moving PP^ towards or away from it respectively 
while K is closed. 
Determlnatioa of Direction of an Induced Current.—We may 
now digress for a moment in order to give a rule for fiitiding the 
direction of the induced current. The prediction of the direction is n 

Lmoet important matter, and the following rule, due to Professor J. A. 
Fleming, ia one of the simplest and most easily applied, and should be 
remembered : — 
Srt the thumb and tuv first fingers of the riffht hand ia point in three 
dirfciums at right angUs to muf afwthet'. Then if the hand he placed so thai 
ikt thumh imnls in the direction (f motion tmd fhefirat fimjer in the direction 
xf thr liHfs '//o/vr, then the src/tnd jintjer nil} point in the ditrrtloii of the 
induced E.M.F. 

k Applying this rule to Fig. 80, we Hud that on closing K the induced 

current flows from S to 8^, i,e. in exactly the opposite sense to that of 
the current flowing from P to Pj which produces it 

■ iDductlon between a Magnet and Coiled Circuits. —Wo may now 

go a »tep further and iuni*;ine thai the wire SSj of Fig. 86 htts been 
long enough to form a coil or solenoid C (Fig. 87) having a hollow 
interior for convenience* The ends of C are joined sis before by a 
sennitive Imllistic galvunometer G, and M is a permanent steel nuignet 
which can be inserted into the interior of the hollow solenoid C. 
Now on making, first of all, the south pole S approach C and 
jeach the right-hand end by a succession of steps, a succession of 
^responding E.M,F/8 will be induce€l in C, causing currents to flow 
rhich will all be in the same direction as indicated on O. Conversely, 
if M be witluimwn in 8t€[is to the position shown in l*'ig. 87, a succes- 
sion of induced currents will How through G in the opposite direction. 
Some writci-s tcnn the induced currents set n[i by the approach of 
M * inverse atrrentK^ those set up by the removal of M ' dinrt cuirrufs ' ; 
btit such terms have little to commend them, since they do not even 
characterise the action going on in any way. More appropriate terms 
would undoubtedly be ' denmgnftiaiiuj ' and ' ntfiffuetidng ' currents 
respectively; for these express not only the action of the induced 
currents on what ia aiusing them, but also their relative directions of 
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rtow. In this latter case it is »:[iiite olnious frotii first pj-iiiciples (»V'/c 
p. ll'6) that a curtTnt which can denKiigiietist^ mul crejit^ magnetisation 
in the reverse sense miist flow in exactly the opposite direction to that 
which uiiignetises. We shftll therefore Hmploy the Inttor appellations 
whenever they may be needeil in the future. The insertion of M 
<S pole foremost) will induce a current in the same direction in C and 
C as withdrawing M (S {>ole foremost) from the same end of the coil, 
and vftr trrsa. Further, the name actions will take place if the coil C be 
moved instead of the magnet M, or if lioth are moved simultaneously. 
.in E.aU.F. tnn>, Inn/'n't'i, br induced enbf during thr pfriod of motion^ and 
will cease to exist immediately the motion ceases. 

Induction between Coiled CiFCuits. — Next ima^ne that the con- 
iliictor PP, of Fig. -Stl is h>ng enongh to be wound in the fonn of a 




Km. h7.- MNgiK't iitui Tf?l«M3opir OoIIh, hU*. 

solenoid or coil F (Fig. 87) i>f such a diameter as to be capable of 
being easdy slipped through the hollow interior of the coil C. Let 
tlie iJiids of the coil P be brought to two icrniinals, seen at the end of 
the bobbin on which it is wound, and which are connected to a switch 
S and E.M.F. B by fairly long connecting wires. Now if S is closed, 
and a current sent from B through P, the whole coil P VH»comes 
pmctically a Wr magnet, and all the preceding effects obtiiined with 
M and C can be exactly reproduced with P and C. 

There are, however, several additional effects which were not 
olitiiinable with M. For instance, on closing S with P and C, as shown 
in Fig, 87, a transient RiM.F. will be induced and a demagnetising 
current will (low in i\ and this will be in the same direction which it 
would take if P is next made to suddenly approach C. Reversing 
these operations will produce exactly the reverse effects. Further, 
insortin^j; P (N i>olc foremost) into one end of C wilt set up induced 
currents in C in the same direction as inserting M (S i>ole foremost) 
into the other end of C, the convei'se operation producing exactly the 
reverse effect. 
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Agftin, if P is inside C, then E.M.F.'s in opposite rlirections will 
be iiiduct'ti irt C on flowing and opening S. In all cases the currents 

up by the induced E.M.F.'s are transiejit or momentary, and 
«ecur ordy at the moment of the make and break uf current in F, or 
during the motion of the latter, or C, or both. The case of P being 
inside C is an extremely importiint one from a practical pf»int of view, 
representing as it docs the main principle of imporUml appliant-es 
known *s the uutudUm coily which is used with direct currerjt, and 
the staiic tram/wmer, used with alternating current. The arrange- 




Vtn. 1HS.— DlA(inuniuHl(c Ski^u U of th<r Prioeiiilr ul a »|Mirk Coll. 

went, with slight mcxlification, is also employed in impurtant 
nuignctie measurements. 

RuhmkorfT Induction or Spark Coil — Such an arrangement at 
once leatls us in the so called Jtuhmkorjfs indttcfion atil^ or spnrk rml, as 
It h now often tormed. Seeing the many uses to which this appliance 
if! put, of which perhap'* the mo.st important is that in ttml'S.^ (de.frrophif^ 
it wiil not be out of place to give a general description of the principles 
of coiiBtrnction and action. The object of such an appliance is to 
obtain inducinl currents at high P.D.'s (or of great infmsiftj, as it is 
©ommonly termed) at the secondary coil termitmls, from stronger inter- 
mittent currents at a low P.D. in the primary coil. 

A diagrammatic sketch of the itnluction coil is shown in Fig. K8. 
It consists of a tolerably short length of insulated thick cop|»0r wire 
wound into n coil of comparatively few turns, which constitute the 
primary or magnetising coil P. 
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This primary coil P encircles a soft iron core I, consisting of a 
buniUe of small, soft iron wires, the function of which is to increase 
the induction iliic to P, and with it the linkage of this induction with 
the secondar)' coil. It is built up with small wires (i.r. laminated) in 
order to avoid the induced or eddy currents, which, if it was a solid 
bar, would be set up in ita cross section, and would retard the rapidity 
of growth and decny of primary current. The coil P is made with a 
few thick turns in order to have a small resistance and self-induction 
(vide p. 194). The secondary coil C, which is wound over P, consist* 
of a very long length of insulated thin copper wire wound into a 
coil of a very large numl>or of turns, so as to produce a large linkutre 
of its turns with the field created by P ; the greater the number of 
tiu'ns the greater the induced E.M.F. of this secondary coil C between 
its ends /, L The end of the core I when magnetised is capable f>f 
attracting a soft iron head H (ixed to tlie end of a horizontal piece of 
spring striji l)\ which is in turt» supported oti a fixed pillar A. When 
uiiattracted HD springs back against an adjustable screw S carried on 
a fixed pillar B, The ends W of the primary coil P are connected, 
the one to the pillar A, the other to one terminal of the source of 
E.M.F. E, which is to work the coiL The other end of E is connected 
to the pillar B through a make and break switch F, and a condenser K 
(vide p. 1G8 d seq.), made usually of tinfoil and |mraffined paper, is 
connected in circuit across the pillars A and B, In Ftg. 88 only a 
simple make and break key F is shown in place of the usual reversing 
switch. 

Action of Induction Coil~\\'hen F is closed, E sends a current 
through P which magnetises tile core I. The hammer H is simul- 
taneously attracted to I» and, in the act, breaks contiict with S, thereby 
cutting off the current in P. The instant this happens, H ceases to he 
attracted by I, and springs back on to S, making contact^ and again 
causing the primary cin-rent to circulate in P, wlien the whole previous 
actioTi is repeated. In this way the current from F through P is very 
rapidly made and broken alternately, and the core I thereby magnetised 
and demagnetised alternately. By the action mentioned on p. 196, 
however, a destructive sjmrk occurs between H and S when H is 
attracted to I, i.e. when the circuit of P is broken. This and its 
effect is minimised in two w'ays — (1) by tipping the points of contact 
of S and II with platinum, which, being a highly inoxidisable materisd, 
always remains clean, and is not burnt by the spark, so that good con- 
tact is always made ; (2) by the insertion of the condenser K acr^>^s■ 
A and B, «.<r. literally across H and S, which is technically termed the 
^cmihid hreuker/ or 'drruit breaker,' The ndinii of (he amdenser is aa 
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follows : — On closing F, or this heing closeil> whenever U touches 8, K 
is diacharged, but when the break between H and S occurs the extra 
JMlMndnced current (p. 106), due to the self-induction of P, having to 
ebarge K, is unable to spjirk across HS, and the current is broken very 
quickly. Now btjfore the next ' uuijce ' of H and S the condenser K 
discharges through P in the opiiosite tlirection to that in which it 
would have gone if it had been able to discharge across HS, i.e. in the 
direction opposite to that of the primary current from E. The object, 
therefore, of the condenser is to cause the * break ' in the current to 
Ite more rapid by reducing the spark at HvS, and, further, to store up 
die energy of the self-ind«iced primary current so that the elTect of the 




Fjn, Nip, — (iiMirnl Vl<iw of Ui(inctluii Coil. 

induced (detnagnetiaing) current in the secondary, Bet up when the 
primary circuit is made, is minimised. The K.M.R of the secondary 
is thus considerably incrt^-ased, while injurious effects in the working 
of the induction coil are minimised. The general view of an induction 
foil having a condenser in the base is shown in Fig. 89, and is supplied 
by the General Electric Company. F. Dubois, in a discussion on * Con- 
denners for Induction Coils,* ^ points out that the utility of a condenser 
in increasing the secondary RM.P". in an induction coil ceases when the 
capiicity exceeds a certain linjil. Tlie author s determination of the 
best proportion of capacity and secondary coil resistance is from 3 
fda. for 2t25 ♦>hms to 0'2 mfd. for f»225 ohms. He finds that 10 
ifds. stop all pliy»ii>logicid action of the secondary coil. T. Mizuno, 
in a paper ^ on 'Condensers in Induction Coils,' points out that there is 

• Anmtt, Phy». f*hfm, (Ji'i. i. p, S0, 1S!>S. r»V/f jiuper ou ' ImiiutLioM Cuila ' by H. 
Anii»^a»t (Bet. ^Itctr. 15. pp. 52d2, 18y8). 
« PkiL Mftjf. 15. pp. 447 454, 18t>8. 
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a special magnittide of capocitjr reic|iur6d lor eadi value of pni 
eurrent in order to produce maximum aeconcbrf tpark-lei^gtltt. and 
is greater the stronger that current Fnrtller, Umt cadi tuii is 
pleiely enveloped by ita own lines of fore* llutMighoiit its enUre 
length when a current flows through it ; bat for ekannai we are onlj 
oofundering the actions in a plane paanng at right angles throogh the 
points so cbof^n. 

Laws of Electro-ma^etic InductioiL— We wmj bow wtdi advant- 
age collect the facts mentioned in the foregoiiig pages, and state them 
in the form of rules fis follows : — 

1. A transient or momentary BLM.F. will be indueed in any 
conductor (coiled or otherwise, and forming part of a closed or open 
circuit) if the linkage of the conductor with any magnetic field changes. 
This tninsient E.M.F. will set up a corresponding transient cturent if 
the circuit of the conductor be closed. 

2. The induced E.M.F. and current only lasts as long as tlie 
change in the amount of linkage lasts. 

3. An increase in the niunber of lines of force passing through a 
circuit, i>. an increase in the linlaige between the circuit and magnetic 
field, sets up a demagnetising current, while a decrease of such linknge 
[produces a magnetising current. 

4. By Lenz's Law the induced currents have such a direction that 
thoy tend to oppose and retjird the motion or currents pro<lucing 
them. For instance, the currents induced in C by the approach of 
either M or P towanls C, tend to stop such motion, and at the 
same time tend to demagnetise both M and P. The principle 
enuncialeil in this rule is of extreme practical importance, and should 
be remembered. 

5. The magnitude of the E.M.F, induced in a conductor i» 
measureil by the rate of ifunuje (whether increase or decrease) in the 
linkage of lines of fot'cc with it. Thus the quicker the motion of M 
or C, or the more rapid the make and break at the switch S, the 
greater will be the induced K.M.F. 

6. The magnitude of the E.M.F. induced is proportional to the 
linkage of lines of force and turns of conductor ; the greater each 
of these is, the greater will be the E.M.F. for the same rate of 
change of linkage. 

Evaluation of Induced EJt.F. — Now mc may express the magni- 
tude of an induced E.M.F. :iiid current as follows: — ^Suppose the 
mimlier of lines of force linked with a circuit changes fmra a valup Nj 
to a value N^ in a very short interval of time /. Then the change 
in linkage = N^ - No* and the average rate of change in linkage 
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£ = ^ ' # ~ ^ ' ^'^' ^^^ numerical vtiliie of the average E.M.F., E iridMcerl 
(by Faraday's Law). 

In mathematical ptirlance the comparatively small change Nj - N^, 
is usually written (/N, and the small interval of time {() in which this 
occurs IB written dt Consequently if in a short internal of time fit 
second, dS lines of force are cut by the circuit. 

Then the average KM.F. induced <luring the interval i& — 

i 1 C.G.S. unit of E.M.F. is set up when a conductor cuts 1 C.G.S, 
of force per second, and 1 volt= 10*=* C.G,S. units, 



line 



But 



E^^ic^"!/^^-^*- 



c= 



by Ohm's I^w, where C is the induced current, and R the resistance 
of tlie circuit through which it flows ; 

E N, -N.j_ , 1 fi^S 



e.g. 



R/ 



K' <it 



^re C(i/ = ' 



li the linkiige of lines of force with the circuit increases, N, will 
gi-eater than N,, and Nj - N.^ will be - '^. 

Hence l)oth Eand C will also he negative, meaning that the current 
is a ilfuta/ffitfisinif onr. 

Quantity of Electricity in a Transient Current. — If we supptise, 
for the sake of argument, that the linkage decreaser;, the + ^ sign will 
in the last eqmition, or 

^ —the c|uantity of electricity flowing through the circuit 

sot up in the transient current in the time dt. 
This extremely important result may be otherwise stated as 
follows: — If the rmmber of lines of force passing through a circuit of 
T turns changed by an jimount </N in a small interval of time df, then 
the whole quantity of electricity set up in the transient current 
iaduced is — 

Q =■ CfU — J^^ coil lotii Iw. 

Referring to Fig. S7, P is called the ^/n'j/j;/?// coil, while C is termed 
the sea/jularif coil. If C encloses P, and a steady current is Howirig 
through the latter, no induced E.M.F. will l>e set up in C unless P 

lovcd. With such an arrangement of coils a sudden increase of 
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current in P will induce demagnetising cun*enta in C. If P liad a 
hollow interior, the insertion of a piece of iron into it would enormousl}^ 
intensify the effects on page 1S6, due to an enormous increase in the 
magnetic field produced hy P for the same cnrrent flowing in it. If 
with this latt<T arrangement, namely, P inside C, and an iron core inside 
P, a metal tube is slipped either {a} between the core and primary 
coil P, or (It) between P and the secondary coil C, then the intensity 
of the shock due to C when the main current is started or stopped in 
P is reduced The thicker the tube and the greater its conductivity, 
the more effective it is in preventing the inductive action of P or C. 

In (a) above an induced E.M.F. and current is set up in the crona 
section of the tube which is denKignetising in its effect on the corCj 
hence the effective flux in the core, and therefore the linkage of this 
flux with the secondary turns of C is reduced. Consequently the 
same rate of change in this diminished linkage gives a diminished 
secondary E.M.F., and therefore lessens the spark. In {h) above the 
tube virtually acts as a mayvdic screen, the induced currents in it 
causing a diminution of linkage lietween tho secondary and field with 
a like result. The reader should not fuiget the origin of the induced 
current. In producing the relative motion of one circuit, such as P,.i 
Fig. 87, with regaitl to C, work has to be done against the force of 
attraction or repulsion between the coils. Tliis work has its equivalent, 
and represents the energy necessary for setting up the induced E.^LF.'s 
in the secondary C. 

Eddy Currents. — It may be well to note here another imj.M:jrtant 
form of electro-magnetic induction of a less well-defined nature than 
what has heen considered so far, an explanation of which was first 
suggested by Faraday and others. 

Kef erring to Fig. 90, suppose a metallic disc 1) of, say, copper» 
moutitcfl on a spindle G, to be capable of being rot^ited by the handle 
A, through the narrow air-gap between the poles NS of a mngnet M, 
Then it is found that not only is the motion of D resisted by some 
invisilde force, but ahu that tlio disc becomes warm after a time. 
These phenomena were shown by Faraday to be due to electric 
currents induced by the relative motion of D and M in the disc, and 
which leacted on tho fixed magnet in siich a way as to lend to stop. 
the motion which produced them. In fact, the induced current flows 
radially inwards or outwards, depending on the direction of rotation, 
and he showed that it can be led through an external circuit C by- 
connecting the latter to two spring strips or bushes K and F pressing 
on the spindle G and rim of I> respectively as it rotates. For the 
position of M and direction of rotation of D shown, the induced 
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current flows fi-om cetitre to circumference as indiciitetl at CC, and 
reverses with n reversal of the direction of rotation. 

The maximum imluced E.M.F. acts in a radial line l>et\veen the 
poles X and S perpendicular to the direction of motion, ami if the 
circuit C is open the currents 
set up in D assume the form 
of little whirls or e4dy cur/rjtis 
A and B in the disc D. As 
will be seen, A repels and 
B attracts the poles (p. 4), 
both having a common direc- 
tion along the radius, and an 
effect, as set forth in L-'/^-j's 
Law. liadial blits in D will 
obviously reduce the retarding 
elfcct of such currents, and, 
A^^n, the greater the conduc 
tivity of I) the grejUer will be 
the retarxiing etlect, owing to 

tht* incrriksed strength of the currents induced, which after all obey 
Ohm's Law, e,p. a copper disc will Im much more retarded than an 
iron one of the same size for the same magnet M, owing to the latter 
having a higher resistance than the former. Thus, when the disc 
is spun in a magnetic Hold as shown, the energy spent in driving it 
Is first converted hiio the energy of the fddi/ or foucuuU currents, as 
ihey are often tenned, and is then transformed into heat Further^ it 
will bo seen that for a given magnet and disc the jjiduced E.M.F. 
JUui current, and therefore the retarrling eftect, will be proportional 
to the speed of rotation. 

Fig. 01 indicates another instance of the production of eddy 
currents, in which a metallic frame ABCD is cajxible of swinging to 
fro about an axis W\\\ between the poles of a magnet NS. If 
llir frjime be turned in the direction shown, by the rule on |>age 185, we 
•ee that currents will be induced in the limbs AD and BU in directions 
from D to A and from B to C respectively. These currents, it will be 
noticed, coincide in direction, and will by Lenz's Law retard the motion. 
In addition, eddy currents E will be induced in the sides AD and 
BC in such a sense as to also retai'd the motion. Thus the mo\'ements 
of the fnune will be well damped and made highly aperiodic. 

Figs. 90 and t)l indicate the principle of arrangements employed 
to an enormous extent in practical electrical engineering appliances 
and other work. While, however, eddy currents are capable of a 
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Fm. 91.— Eddijpia in h'Arsujuval Fmiti«. 



most useful employment in some cases, they must be eliminated or 
minimised in others, e.g. in dynamo electric machinery, where they 

exercise a demagnetising and injurious 
effect. 

Self-Induction. — We have seen how 
an E.M.F. is induced in the conductor 
SSj (Fig. 86) when a cuiTent is started, 
stopped, or varied in the neighbouring 
conductor PP^ and also when one or 
other or both r>f the conductors are 
moved, with a steady current flowing in 
PP^. Now this would have been the 
case also had PPj and SS^ formed two 
different portions of the same circuit. 
In onler to see this more clearly, let a 
conductor C be wound into the form of 
a coil or spiral of» say, four turns 1, 2, 3, 
and 4, as shown in Fig. 92. Let the tuids of the spiral be connected 
to some source of E-M.F. capable of sending a current in a clockwise 
direction round the spiral from -i- to - . Now, for the sake of clearness, 
we \vill merely consider the action tJiking place at .some point in each 
of the turns 1, 2, and 3, for the reader must remember that Ihr sanu 
action occurs at every other point in ikcsr imiis all the wxiy routid. 

Now if the current is suddenly mmk or 'tncrt'osrd in C, lin(^ of 
force represented by the thin elliptical lines F^ wmII suddenly lie 
createti in concentric 
figures around every 
point in turn 2 (also, 
of course, around every 
other turn), the direc- 
tion being as shown 
by the arrowheads on 
F.,, These lines of 
force, in springing out, 
cut all the neighbour- 
ing turns 1,3,..., etc., 
and in so doing it is 
quite evident from 
previous 
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1, 3, 



etc. 



that they will set up E.M.F.'s in these tui 
By applying the rule on page 185 it is seen at once 



that these induced momentary E.M.F.'s act in exactly the opposite 

direction to that sending the current through C, and the resulting 
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carrenta in 1, 2, . . ., etc. will set up lines of force Fj, Fg, . , ., etc- 
of their own, therefore, in a direction exactly opposite to Fg aa 
indicated. Consequently these lines of force F^ F^, . . ,, etc. in spring- 
ing out will in turn cut all the neighliouring convolutions (2 
included), thereby creating an indnced E.lil.F. and current in such as 
2, but in exactly the oppoeite direction to that flowing from the source, 
t.f, the main supply. 

These actions manifestly occur l>etween every turn, and all tbe 
other turns, throughout their i^ntire lengths, and the action of every 
turn in setting up the so-called let'ersr^ muHtt'r^ or Inick E.M.F,'s in all 
the other turns, by thus acting vuiudively on one another^ is known 
as the phenomenon of ' ael/indudion,' The self-induceil E.M.F.'8» it 
will be seen, all act in one common direction, opposite to the main 
CM.F. of the circuit, and therefore they combine to form an E.M.F. 
which is commonly termed the muntrr or ixicf: E.M.F. of srlf-imlmfmu 
With ujiidirectional, direct, or continuous ctuTent, as it is variously 
termed, of constant strength, the phenomenon of self-induction has no 
meaning, and, in fact, does not exist. With fluctuating direct currents 
it 18 an important phenomenon, arid is deleterious in its effects, as, for 
instance, in telegraphy, where, if not partially counteracted, it reduces 
the speed of signalling. With rapidly intermittent or alternating 
ciurentA i»elf-inductiou is of the most extreme importance, acting, as 
fl iIoe8, in some cases detrimentally, in others being of vital necessity 
to the successful opemtion of appliances. Its properties and eli'ects with 
eiich currents will be considered in considerable detail in a later chapter. 
Forms of Inductive Circuits. — Now a little consideration \rill 
w us that the amount of self-induction possessed by an electrical 
59trcuit will wholly depend on its geometrical form. In Fig. 93 four 
of the typical forms of circuit met with in everyday work are shown. 
It may i>e supposed, for the sake of argument, that eitch of the forms 
A to D possesses the same resistance to direct cuireuts, the same 
tnimber of spirals (whether double or single), and is connected suc- 
ly to the same source uf E.M.F. Theti form A has practically 
-induction, <%nd is typical of that used in all standard known 
rtmlaiices {vidi" p. 88). It will be seen that a current entering at one 
of the terminals T flows as many times round the helix in one direc- 
tion in reaching the innermost bend ;ls it does in the opposite 
direction. Consequently the magnetic fields set up by the clock- 
%ri«e and counter clockwise currents flriwing in this '(hmblij wmtntr coil 
Dtatnlise one another if the turns of the double winding are close 
togetlierr In fact such a coil usually exhibits even a very small 
ebctro-static capacity. 



! A to 1 
B tnimbe] 
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Foi-ni B will have a very small selfinduction ; farm C, with non- 
nmgnetic core, more still ; and, finally, form D, in M-hich the turns 
surround an iron core, will have the greatest self-induction of aU. If 
the same current strength be started successively in forms A to I) 
(Fig. 93), the momentary self-induced E.M.F. and resulting momentary 
current tend to ^tffmugfru'fi^ff' the ordinary field produced by the 
current from the source. In consequence no spark occurs at the 
contacts so closed, but the main current is unable to atLiin its final 
strength at once. On stopping the main cnrrent^ however, a bright 
spark occurs at the point of bre^iking in form D, a less bright one with 
C, a less one still with B, and a scarcely perceptible spark with A. 
This spark is due to the so-called extra-current, duo to self-induction, 
for the self-induced E.M,F. at the break sets up a magnetising current 





T T 

ABC 

Flo. 98.— Form« of Circuit for ftelf*IiidTicUon. 

which momentarily increases the main current. This effect in turn 
prevents the current dying out iustautanevjnsly. 

In circuits having the form Y\ which, owing to the turns l>eing 
linked with a vastly increased field due to the presence of I, sometimes 
has a considerable self-induction. A person in contact, with the con- 
t^icts broken, may receive a dangerously strong shock and be badly 
burnt by this momentarily induced E.M.F. and current. Self-induction 
in a circuit opposes every change of current .strength in that circuit, 
aud tends to produce constancy, like the uction of a heavy fly wheel 
on an engijie, which by reason of its inertia and momentum tends to 
give const^itncy in speed. 

Coeflleient of Self Induction. — Now let us suppose that a current 
of electricity flows through a circuit which is far removed from aiiy 
magnetic material. Thw permeability fs. of the surrounding medium 
under these conditions will therefore be constant, and the number of 
lines of force N produced by the current A in that circuit will be 
directly proportional to this current, so that any change in the latter 
will prtxluce a prop<)rtional change in the former. 

This relationship may be expressed in the form 



VI ELECTRO-STATIC AND MAGNETIC INDUCTION 197 










, a very small change f/A in the current causes a correspondingly 
"wmall change */N in the number of lines of force produced ; but 
since we have direct proportionality between N and A, we may write 



tm 



dA 



ire L is a constant for the cinniit in question, which is termed the 

U of self-indmthn ' of the circuit. 
Now since we may write the above relation in the form 

-!■ 

ve at once obtain uur ilefinition of the coejfficieni of Mlf-indndmiy which 
is ' the numher of hnt^ threading, passing thrmgh, or linkfd unth a cirntit 
iffh^n unit norcnt flou^ through it.' 

The coefficient L of self-induction of an electrical circuit, in a 

mediiim of constant permealiility p, h constant for all values of current, 

and depends only on the geometrical form of the circuit. If the medium 

is a magnetic substance, such as iron, then /i varies with the current, 

^ bat not proportionally, and therefore L will vary with the current — 

' i.e. with the degree of magnetiBation. The term L , is equal to 
the E,M.F. of self-induction, and therefore we see that the mor« 
rapid the change (as denoted by ^) of current strength the higher 

^ihc self-induced E.M.F. 
^ The analogy has already bc«Mi drawn between the electrical inertia 
W a circuit, i.t, its self-induction and the inertia of a moving mass. 
In the case of a fly-wheel of moment of inertia I^ revolving freely with 
jui angular velocity to, the energy stored up in it is represented liy 
JI«i*. So it is in an electrical circuit of wolf-induction L, and carrying 
* current A, the energy stored up in the magnetic field in virtue of 
the self-induction can be shown t-o be IhA'-. It is this stored or pent- 
up energj^ which is given out again when the field is demagnetised by 
breaking circuit, and is the real cause of the sfmrk on breaking a 
circuit. 

Practical Unit of Self Induction. — In dealing with self-induction 

it is necessary to adopt a unit in terma of which its numerical value 

be obtained. The practical unit is one of nnxJern origin, and can 

shown to be derived from the ohm (as unit of resistance) and the 

•econd (as the unit of time). In scieatitic parUnce^ self-induction is 

to have the dimensions, - Resistance x Time, and since resistance 
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is represented l>y a velocity (i.e. length/time) in tlie absolute electro- 
magnetic C.G.8. system of units, therefore self-induction is represented 

by, - -^- ^ X time, Le. by a length. An ohm in the »bove system is 
represented by a velocity of 1 0*" cms. per sec, or by Ohm's Law — 
1 volt 1CH»C>0.S. units 



1 oliiu = 



10* C.G.S. units. 



1 aru|)cre 10~^ C.G.S. iinita 

Thus the practiciJ unit of self-induction =10^ C.G.S. units; Profs. 
Ayrtoii and Perry have proposed to call it * a strokm ' (from second and 
ohm); another uauje given to it is *a qmuirant,' because an earth 
quadrant through Paris is just lO'* cms. long. The name moat 
commonly adopted is Uhf Hetirrj^^ in honour of Prof. Joseph Henry 
who did so much valuable research in the subject of electro-magnetic 
induction. 

We may now define our practical unit as follows :— 
Any ckrfrktii circuit w siiid to have a mlf-inthtdiou of 1 henrf/ wlun^ 
slartinif or stftpplng a ctirrmt of 1 ampere in i/, the Unka<je of Hms of /ares 
of its own rtuitjntik t^ld ?nVA theriraiif U 10'^ (or 1,000,000,000). 

Numerical Calculation of Self-induction. — We may now deduce 
an expression for the value of the self-induction of a typical form of 
magnetic circuit very commonly met with in several most important 
electrical engineering appliances. Take the form of circuit represented 
in Fig. 64, p. 133, consisting of a circular ring of magnetic material 
of uniform cross-scctional area S sq. cms., closely overwound with T 
turns of itisulaterl wire. Let the length of the mean circumference of 
the ring be / cms., and fi the magnetic peimcabjlity of the ring when 
tlux-density B lines per sq, cm. is created by a current of A amps. 
Then from p. 131 we have the magnetising force 

iw AT 



4 



tic ^j 



H = — • -r C.US. unita, 



10 



and from p. 137 we have 



D^'fiM^ - ■ lia«?s per sq. cm. 

.'. the total flux through the ring and coil is 

4rA'lVS 



N=BS 



lines r»f force, 



and the total linkage between lines of force and turns 



XT = 



4»'ATmST 4rASAsT* 



10/ 



10/ 



Hence the self-induction of the ring coil 



L= 



iirASfxT^ 

lono/ 
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We thii5 see that L«T*, i.f. to the square of the number of turns on 
the ooilt for every turn acts inductively on every other turn. If the 
surrounding medium is non-magnetic material, ft will = I, and an 
enormous number of turns will be required to produce a self-induction 
of 1 henry. 

Since /* varies with B, and therefore with A, the above value of L 
wiU vary with the current A when magnetic cores are used. The 
magnetic induction in the cores of electro- magnets and the pull 
on their annaturea is aflected by the self-induction of the coils 
with a fluctuating direct current. Thus if the current rapidly falls, 
the pull momentarily increases due to the momentarily induced 
ffta^neiisinff current helping the main current. Exactly the opposite 
artion occurs if the cturent suddenly increases. A quick-acting 
electro-magnet, or one required to be sensitive to variation of current 
such as is used in many telegraphic instruments, should have as small 
a self-induction as fxjssible. To obtain this the coils should have as 
few a number of turns as possible and be placed at the end of short 
cores. 

Mutual induction. — This is a phenomenon which occui-s when two 
electrical circuits, each carrying current, are within the influence of and 
can therefore act inductively on one atn>ther. 

The ^cofjficieni of mutmil mdudion' of two circuits or coils may be 
defined as the number of lines of force, mutually embraced by, or 
iked with, or common to, or which traverse both circuits or coils, when 
ih carries unit current and there is no other field than those due to 
such current*. The coefficient, which is usually denoted by the 
symbol M, depends upun the form and relative positions of the two 
circuits, as well as un the permeability (j. of the surrounding medium. 
Consider for a moment the two telescopic coils shown in Fig. 87, p. 186 ; 
the value of M for some such position as that depicted would be much 
less than the value it would have if the coil C enclosed P, the centres 
of their lengths coinciding. In this latter position M would be a 
maximum and lye given by 

where h^ and L, are the coefficients of self-induction of P and C. The 
introduction of an iron or other magnetic core to the interior of the 
inner coil will greatly increase the value of M, their rautuid induction. 
This is obvious from the increase of mutual linkage which would 
ensue, but it can also l>e seen to be the case from the increase of 
L, and L., in the above relation. Mutual induction, like self-induction, 
is measured in henrys, for it can be seen from the above reasoning 
that a close similarity exists between the two phenomena. 
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Numerical Expression for Mutual Induction.— Let us now con- 
sider the magnetic circuit mentioned on page 133, viz. the ring, but 
instead of ft being overwonnd with only one coil, let there l)e a second 
and distinct coil of T^ turns wound over the first one having Tj turns. 

If now unit current (CG.S. units) flows through the primary of Tj 
toims, we have the magneto-motive force due to it, 

and the magnetic resistance of the mngnetic cii*cuit 
Therefore the tottil Hux N in the core will be 



M M F 4tT,S^,. 



N = ----: 



lines of force, 



and these are linked with the stjcondary coil uf T> turns. Hence the 
coefficient of mutual induction of the coils is 

M = *^^''J-^^C.G.S.u«iU 






If the primary current has a value A amps, other than unity, then the 

mutual linkage = MA, and 

-, 4»-T,TaA.S/i , 

^t = — Wu]— ''^'"rj!. 

Comparing this last erjuation with that for L on page IHH we see that 

The question of mutual induction is very important in its relation 
to the behaviour and eflicient action of certain well-known and impor- 
tant appliances in electrical engineering, eg. the so-called alternating 
current static transformer and the ordinary Ruhmknrtl' induction coil, p. 
187, or sparking coil, as it is often termed, as well as in other ap{mratus 
which will he treated in a later chapter. The ways and means of 
measuring self- and mutual-induction cannot be treated here^ but will 
}>e found given in considerable detail in the author's work mentioned on 
page lOl. It may, however, be instructive to give the actual measui 
values of self- and mutual-induction in the ease of some coils 
appliances, in order to indicate to the reader what might be the valu< 
in other instances. 

J, Two lymtifpums and conrentrk hoop-shaped coils (planes coin- 
ciding) of which the outer coil has a mean diameter =44 cms., 
resistance = 36 ohms, number of turns = 630; the inner coil a m< 




ELECTROSTATIC AND -MAGNETIC INDUCTION 201 



Lineter =39 eras., resistance = 23 ohma, number of turns = 460 ; 
idth of both coik = 1 j". The maximum value of the seH-induction 
of the two hoops connecteil in helping series L = 0"768 henry and 
mutual-induction l>etwoen the two sei«4rate coils = 0*158 henry. 

B. A small straight cylindrical solenoid or coil wound with 1000 
turns, and having a winding length = b'\ outside diameter of coil '2 J", 
inside diameter of coil l^'i? ', soft iron solitl core 6" long x 1" diameter. 

Self-induction (without iron core) - 0*0102 henry, 
(with „ „ ) = 0-0442 „ 

C. In the Siemens' ' Precision ' Wattmeter for currents up to a 
maximum of 12'5 amperes in the fixed thick wire coil, we have : — 

Fixed coil : — Number of turns = 32 ; resistance = 00374 ohm ; 
self-induction L -= '00005 6 henry, size slightly larger than 
the moving coil. 
Moving coil: — Number of turns = 400 carrying 0^03 amp.; 
resistance = 100 ohm ; self-induction L = 0*0088 henry, 
size about Ij x 1 J inches. 
The mutual-induction liotween fixed and moving coils when the 
pointer is at zero, and they make an angle of about 45 to one another 
= about 0000 16 henry ; this becomes when the planes of the coils 
at right angles to each other. 

The following examples will make the application of the foregoing 
formulas clearer to the rcAder : — 

Ernmpk I. Find the ai>proxim!ito self induction of a coil of ^vire 
comprising 1000 turns, wound on a closed magnetic circuit of iron. 
The length of the mean path of the lines of force = 50 cms., the crosa- 
*»ectional area of the magnetic circuit 4 sq. cms., its permeability fi 
being 2000 when the current of 5 amperes flows through the coil. 
From the above relation we .^ee that the self-induction — 



L = 



AwABynL^ _ 4 x 3'14ie x 6 x 4 x 2000 x (lOO O)' 
10^*/ ~ lO'^xSO 



1*0053 Uenrys- 



2. How many turns of wire wotild be needed to give the above 
»elf-induction in question 1 if air be aubatitutcd for the iron ? 
By transformation — 



r: 



4irAS/A 



T»= 



10" j< 50 X 1 -0053 1 0UOOOOOOOO 



4j(»1416x5x4x1 4 

'. the requisite number of turns — 

T=s/26irT^ = 50,000. 



= 25x10*. 
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3. If tlie coil m example 1 lie overwound with another separate 
coil of r>00 turns, what will be the value of their mutual-induction t 
Here 



M= 



4 y >: 1000 X 5{K> X 5 > 4 V 20Q0 



= 0-5026 henry. 



QUESTIONS ON CHAPTER VI 

[Supptement all Ansioers loith SktUhet whtn poiaihU.] 

\, Tf the nurth-seeking end oFa magnet be thrust into a coil of wire the ends of 
which are joiiip^l together, what will be ihe result i Illustrate by means of « sketch 
(C. and G. Prelim. 1903.) 

2. How lioua the Hb&orptioii of a condeiiaer introduce difficulty in the mea&ure- 
raent c»f caimcity, and \mvf can this be retlucedj both ifi the construction of the 
condenser and in its use ? What is meant by ' dielectric hysteresis'? Explain ita 
hearing in leading you to select n particuhir sohstonco for the dielectric iu the con- 
atrnction of a coadenaer for alternate cnrrerjt work. (C and It. Hons. Sect, I. 1899.) 

3. A condenser loses half its cdiarge iu un hour : what in thr |>ercentage loss jjcr 
mtn. t Would such a condenser be considered a good or an inferior specimen \ If a 
gooti condenser be connected through a wsistHiiee with a constant pressure circuit, 
and then be removt-d and discharged through another resistance, what is the pro- 
[loitioii of energy i»i«int i« each of the resistances ^ (C, and G. Hons. Sect, L 1897,) 

4. How are the jtiill and Belfiiiductioj; of an eleclro-magnet connected i (C. Mid 
O, Or<L 1895.) 

6, Why <]oea an electro magnet ap&rk on breaking the exciting circuit ? (C. and 
G. Ord. 1S95.) 

6. How dotis the slipping of a copper tube over thf? core lesaen the spark of i 
induction coil ( (C. and in Ord. 1895.) 

7- One of the Ferraiiti mains between Deptford a]id Loiidon has a capacity of 
infds. What is the work stored in it iu ergs, if the inner and outer conductom' 
are charged to a P.D. of 10,000 volts ? (C, and G. Oitl. 1892.) 

5. A condenser having a capiuity of 2 mfds. is coiinecti'd to two termlDaU main- 
tained at 2000 volts : how much work is taken from the terminals, and how much 
can be got out of the coudenspr again ? (C, and f!. Oixl. 1895. ) 

9. How could you eundiine 4 condensers, each having a capacity of 1 nifd., ao 
to produce a capacity of 0-75 mfd. '*. (C. and G, Ord. T. and T 1901.) 

10. What is a ' condtjnser/ and liow is it con.striicted, and for what diflenent 
puriKises i« it ustul in practical telegraphy ] (C. and G, Ord. T. and T. 1901.) 

11. What is meant by 'self-induction/ whrtt ih its unit, and how can ita value 
be measured I {C. and G. Ord. T. and T. 1901.) 

12. .Sketch the lines of magnetic force created by a solenoid traversed by a 
current, and give the formula connecting the current, the uumlver of turns, and tht* 
number of Hues of force. (C. ami G. Hons. T. and T. 1901. J 

13. Draw a diagram showing two parallel telegra[di wires earthed at ejich end, 
and show by dmtiMcttve arrows the etTectsof (a) static, (6) electro magnetic indnctittn 
on No. 2 wire when a jjositive current is started on Xo. 1 wire, and when it ceases, 
(C. and G. Hons. T. and T. 190L) 

14. When a met-allic telephone circuit is erected on a line carrying high-speed 
telegrapli circuits, what arc the principal conditions necessary to ensure a balance 
against (a) electro -static, {b) electro-magnetic induction ? W^hich ia the more difRcult 
<Q deal with and why { (C. and G. Hons. T, and T, 1901.) 

15. Describe in detail each step in the construction, testing, and adjusting of a 
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oortidtnier. Mention all the aacs to which eleetrio condeiiaers are put in practice, 
a and G. Uons. Sect. I. 1(^01.) 

Itf. Di»tinguiah between 'static' ami 'dynanvic' inJurtion. (C. nii<l G. Ord. 
T- in«i T. 1897.) 

17. DeecriU; what is meant by tbe self -induction aud the capucity of a ciix^uit, and 
ctate what relation theae bear to eaob other in pruclical telegraphy. iC. and 0. 
Hona. T. and T. 1897.) 

18. For what purpose are ahuijt«d conden.teni used in telegraph circuits I 
DcMribe how th*y act. (C. and (I. Hons. T. and T. 184>7.) 

19. What i* the formula giving the magnotiaing force of a soleimid, the current 
And the number of turns of the conductor being known t What ia the tfr«ot of 
mtroduoing a soft iron core ? iC. and G. Hona. T. and T. 1897.) 

W. Dotcribe in general ternia the meaning of ' electro-static capacity ' und its 
efre«:t on the worinvf oi telcgi-aph or tolophnne lines. (C. wnd fl, Ord. T. ajid T. 
l«W.) 

21. Give a aimple rule for the direction and magnitude of the E.M.F. induced in 
a wire paaBing the face of a north-seeking pole, and for the force exerted on it per 
uiupere, (Ord. 1899.) 

22. Why ahoald a ainglo alternating current main nui l>e led through an iron 
pi|ie t (Prelim. 1899.) 

2iJ. What is meant by * eUciriJicaiion' in a submaritiv cable, when the cable ia 
tested for inaultttion ? (Ord. T. and T. \MQ. ) 

24. Two insulated wires of e<|Uftl leitgtb have each a i>onductor whose diameter 
it loo iiiili, but the external diameter of tho insulating covering of one wire is 200 
miU, ai^d of the other 500 mils i what are the relativi? electro-static capacities of th« 
two wirea \ Log 2 = 0'30103. (Hona. T. and T. 1900.) 

25. Give % diagmm of the core, windings, and cfinnectiou^ of an induction coil, 
•nd expUin the uses of the Tarious parts, (rreliiu. 1902.) 

26. What ia the capacity F. of 2 oondenaers F, and F, when joined * iu cascade ' f 
<Hoti». Teleg. 1902. J 

27. The capacity of one mile of copper wire 50 mils in diameter covered with 
gutta4>ercha to a thickness of 62*5 uiila is 0'29 rafd. : what is the ca[tacity of a 
wire 100 mils diameter corerod to a diameter of 390 mils? Log 3*5 = 0*5440680 
soil Log 3 -9 = 0*601 04J 45. (Hons. Teleg. 1902.) 

28. What ia the cauta of ' sttarking ' at the contact points of a telegraphic relay ? 
what ia its effect and how can it b« prevented T (Hons. Teleg. 1902.) 

29. When iron pi|>eaare used as conduit for alternate current conductors, why ia 
it imfiortant that the ' lead * and * return ' should \yvt in the »ame lube ? Give 
rsa«<ina for your answer. (I'relini. 1903.) 



CHAPTER Vlt 



EtECTRICAL AND MAGNETIC INSTRUMENTS 



In the precetiing chapters we huve dealt at some length with important 
fiindaracntal phenomena and priTiciples peitaiin'ng to the subjects of 
electrieity and magnetism. We may now turn our attention to the 
application of such principles in the construction of instruinenta for 
use in the many measurements which these Bubjects entaih Con- 
fining oui'selves for the present to instruments used in tUdrk^ii 
measurements, we may, for convenience, divide them all into two 
classes, namely : { 1 ) those for measuring very small currents ; (2) those 
for measuring much larger currents of electricity. The former come 
more particularly under the heading of 'delicate' instruments, and 
arc usually termed * pitfmfiotneiers.* 

lrres[>ective of any arhitmry classification such us the above, 
the principles on which they all work are Tmsod on one or other of 
the properties or effects of an electric current detfiiled on page 35. 
Consuquently there are four distinct types of electrical measuring 
instrument used in electricfll engineering work, corres|)onding to 
the following effects, namely: (1) electro -magnetic ; (2) thermal; 
(3) electro-static: (4) chemical. 

The number of different forms belonging to each type, deviseti by 
the various maksrs, each claiming some advantage over the other, is 
considerable. Space, hL>weverj will not permit of the description of 
more timn one prominent example of each distinct type of instrument 
in common use. For others, the reader must refer to liooks dealing 
with this subject exclusively, '.7. ElectrP'aJ Enpnrenntj Afetisurin 
Indritmfnts^ by the author. By far the greiiter number of galvan- 
ometers in everyday nse work by the * rhdnt-magndic ' tjfcd of a cun*ont, 
and these may be sulnlirided into : ('/) ,\fonng'Ut(>(Uf galvanometers ; 
(b) Miwing-mil galvanometers. 

Fig, 94 indicates the principle of a form of moving-needle galvan- 
ometer largely used with porUible Wheatstone bridges. It consists of 
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(Principle). 



a fiatr^haped V>ohbin having an inteiiiHl apenture, and on which is 
wound a coil C consisting of a large niimher of turns of fine, insulated 
wire, usuiiUy having a resistance of from 1000 to "iOOO dims. Inside 
this coil is a strongly magnetised steel needle ns, which, with its 
^ttachwi pointer P, is ca]^ble of retailing 
through an angle of about 90 on a 
vertical spindle 8up|K>rted in jewelled 
centres. If the current flows round the 
coil C (only one turn of which is shown 
for simplicity) in the direction shown l»y 
the arrows, north polarity will be de 
rVelope<i !it one end NN of the solenoid, 
^and south polarity at the other end SS, 
^rhence, !>y the rule given on page 4, 
the needle im and pointer P will turn 
counterclockwise over tlie graduated scale I. If the current is 
i-eversed in direction, P will turn clockwise for the polarity of the 
pivoted nee<ile shown. 

The general appearance of one form of this instrument is shown 
in Fig. 05, and it will be seen that a strip of mirror is let in ujider 
the scale for the purpose of avoiding ptndhcr m reading the tleHections 
of the p*»inter P. In connection with this it should be remeinlMjred 
that the actual deflection of a pointer on any scale is the reading on 
the scale ffrrpaulkuinrUj under the pointer. This difl'ers more and more 
from the reading of the pointer viewed ,'<ulrtrai/.% as its distiince from 
the «cale increases. Now the image of P in the plane mirror is always 

perpeiuJicularly under P, so 
tlmt wherever 1^ is seen to 
cover its imago, the true deflec- 
tion c:in be read *ti\\ and thus 
the observer knows when he is 
viewing the (position of P per- 
pon<licularly. The small button 
seen on the side of the con- 
taining caae at the Imck (Fig. 
95) is for clamping and re- 
leasing the pivoted needle to 
prevent the centres being 
damaged by rough handling during transit. The two terminals of 
the coil mounted on ebonite blocks are shown on the right- and 
left-hand sides of tlie case respectively. Owing to the large 
numlier of turns of wire on the coil, and to the delicate pivoting 
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of the moving system, this form of galvanometer is very sensitive 
to small current^ and has the advanuige of being very jK)rtable. 



The sensitiveness is snch that a current of 
ampere gives 1 deflection on the scale. 



TUTTOinnr 




Flc, W, — TUnTiiKcin A<Utir lictlpolin^' i>nlviirininf*t«r, 



of an 

Another form of moving 
needle galvanometer of 
ranch greater sensitive- 
ness than the preceding 
one is shown in Fig. 96. 
This is commonly knovni 
as the Kdrin or Thomson 
fistafie reflecting galvan- 
ometer, and consists, as 
seen in the figure, of two 
thick slabs of ebonite 
hinged to an ebonite base 
which rests on three level- 
ling screws. Each slab 
carries two somewhat Hat 
coils which are let into 
it, the one at the top 
and the other at the 
bottom, each wonnd with a great number of turns of very fine silk- 
covered copper wire. These four coils are all connecte<^l in series with 
one another across the two terminals seen on the base to the left, 
and in such a way that the adjacent faces of the top pair and of the 
bottom pair have opposite polarity respectively, while at the same 
time the polarity of the top and bottom coils of a slab is reversed. 

The coils are so arranged that when the ebonite slabs are shut up 
against the central vertiail sheet, the magnetic axes of the two top 
coils line uji with one another, and a small spherical cavity is formerl 
between them. The bottom pair of coils are similarly arranged^ the 
two coils on the slab E at the back, together with the suspended 
system, being shown symbolically in Fig. 97, which will make the 
arrangement clejirer. Suspended by means of a tine fibre ¥ of cocoon 
silk from a brass cap Hj which is fixed to the top of the central 
vertical sheet, is a rigid aluminium wire W. This wire is a trifle 
longer than th«i distiuice between the centres of the top and bottom 
coils, and has attached rigidly to it, !iear the ends, two systems of 
small highly magnetised steel needles ni> anrl sn. 

As seen in Fig. 9C, and indicated also in Fig. 97^ each system com- 
prises three needles parallel to one another, and having poles of similar 
polarity all pointing one way. The two systems are, however, parallel. 



: 



i 



vn ELECTRICAL AND MAGNETIC INSTRUMENTS 207 




but the reverse of one another as far as polarity is coiicerneiL Mid- 
way between the coils and fixed to WW is a concave min'or M with 
vane V of mica or aluminiiinn foil. The two systems of needles 

'ng and sn have just room enough to move in the eup-sliaped cavity C 
of the coils, as also the vane V with the attached 
mirror M, in the slot provided, as WAV turns 
through a small angle. The two systems of 

['Ueedles (composed of three each in order to gain 
;Qgth) are said to l>e ari-anged asttitimltf/, but 

"owing to one set usually being stronger than the 
other, absolute astaticism seldom exists, which is 
an advantage, as it enables tlic horizontal coni- 
pontjnl of the earth's magnetic field to exert Sfjme 
flight control on the moving system, thereby 
keeping it at zero. 

When a current is sent through the coils of 
the galvanometer the momHUi of the deflecting 
couple acting on the whole svstem will be the sum 
of the moments of the couples, /,« . the sura of the 
i»e\'eral products of either of two equal puraliel 
forrcs (not in a line), into the perpendicular dis- 
tance between these forces, acting on the two sets 
of needles sepanitely. The wire W vHll therefore he turned by the 
neei'lies through a certain angle which will depend on and increase with : 
(i) the number of turns un the coils ; (2) the strength of the needles ; 
(3) the weakness of the controlling force exerted either by the earth 
or separate cim trolling magnets. The motion, which is dami>ed 
through the churning of the air by the moving vane \\ is indicated 
by the reflection, on to a fixed scale, of a be^ini of light projected 
trough a slit on to M, through the centnd ajierture in the slabs. 
le efTect at the scale, which is usually 40 away from the mirror, 
is that of a moving slit or bright line, which, it can be shown, moves 
through an angle twice as great as M itself, Thus the reflected beam 
of light acts as u lotjg, weightless pointer of the above length, ai^d 
the motion of the moving system is greatly inagnifled. Owing to 
thi* enormous numlter of turns of wire on the coils, this type of 
galvanometer seldom ha;* a resistancce less than 10,000 ohms, and 
sometimes as much as 100,000 ohms. Owing to its extreme sensi- 

^livcness it is usually employed in the mc^vsurement of insulation 
kisistances, the currents wiih which are sometimes not greater than 
of an atiiijere. 
Fig, 98 illustrates a still more elaborate form of Thomson 
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(Kelvin) aetutic galvanometer, as made by Mr. R. W. Paul, Lomloti. 
The general principle is, howoverj precisely similar to that jiiat 
considered, there being four coils arranged a^staticaily and wound with 
extremely fine wire to a resistance of 100,000 ohms. The front 




Fio. I'S.— nigli-Hnaislaiiff TliomMiri, liHiv-uiioinetei'. 

slab Carrying the two front coils is sliown loaning outwards in order 
to show the interior more clearly. Tlie suspension, consisting of a 
very fine fibre of (|iiartz or cocoon silk, is made longer than usual to 
niiiiitnise torsional resistance, and an extremi^ly high itisulation i^esist- 
ance of the electrical parts is obtained by supporting the terminals, 
etc., on tbo two corrugated elx>nito pillars shown inside the glass 
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Two spirit-levels at right aogles to one another are fixed to 
the top of the ca«o for accurately lovelling the inetrument, and thus 
ensuring freedom lo the jnoviiig syateni. The curved bar on the top 
is A controlling magnet cajwhle of being turned by extremely small 
MDonnts by a worm and worm-wheel seen in the centre of the top 
of the case. 

Another extremely sensitive form of moving-needle galviinometcr, 
iployed mainly in the measurement of transient or momentary 
ctirrentH set up in a circuit by the jiassjige of a small quantity of 
electricity, and called a * M/i.*?/if' ' galvanometer, is shoAvn in Fig. 99. 
It will Imj noticed that only one pair of coils are employed, one of 



ir. coiU being hinged, and shown swuirg luick, to enable the mr>vinL' 
magnet system to be seen. 

This consists nt an urrangetuent of fuiu' niitgneU, of which two o( 
the bell' or U-shaped steel magnetie needles aro at the centre of the 
ooils, and one at both the top and Imttom. The four needles are fixed 
wtatically to a rigid aluniinium wire, which k in turn susj^ended by 
A fine fibre of cocoon silk from the hea<l seen above it. The two 
inside needles are acted on by the current flowing through the two 
liU (in series) in tlie ordinary way, wliile the needles outside are 
!te<l on by the otiter turns of the coil?, and are in astatidsm with 
the inner two. The small concave or plain mirnn' is carried by the 
rjrc al>ove the upjicr needle. The controlling magnets at the back 
id on the top of the brass enclosing case shown to the left are for 
the purpose of obtaining easily any strength of controlling field for 
the purpose of altering the sensitiveness of the instrunient. 

V 
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A galvanometer constructed in this way with a heavy moving 
system is highly ballistir^ i.e. the moving system will continue swing- 
ing to and fro for several minutes. The gfilvanometer shown is 
usually wound with such u number of ttu'ns of very fine silk-insulated 
copper wire that its resistance is aliout 10^000 ohms, hut of cour: 
any other winding and resistance can be omploved. In the case 
such ile!ii:at^3 high-resistance galvancjnielers as the hist two described, 
it is most important for them to be highly insulated. This is more 
especially needful when they are used for measuring very high or 
insulation resistance, since in the latter ciise the actual current 
thi'ough the galvanometer will be the sum of the current piussing 
through the rest&Uuice under meitsmement, aiitl that due to lenkjige 
from the instrument to earth. Thus the resistance measured would 
appear smaller than it really was, and unless a correction be applied, 
its calculated value wnuld be less than its ti-ue value. 

High insulation in such insLrumcnts is obtained by using a highly 
polished ebonite base, the working ]»art8 Iteing supported on this 
again by corrugated ebonite pillars {riih' p. 111). It should Vie 
remeud>ered ihat any ordinary form of rctb'ctiiig galvanometer can be 
employed as a btiHistic gahwiomfh'i' by weighting the moving system 
(whether coil or needles). Thi.-s causes the oscillations of the latter to 
be much slower, anti tends to prevent tlie motioji occurring before 
the whole tjuantity of electricity has been discharged thi'ough th« 
coils of the galvanometer. Tliis condition is essential in order that 
the relation below may hold true. Furthermore, the various jwirts of 
the moving system of a ballistic galvanometer should be of such a 
form and size as to cause the* least amount of damping |K>ssible, 
whether produced through air-churning or otherwise. For example^ 
the attaclied mirror should be small in diameter, an<l if this and the 
needles are fixed to a strip of micA or aluminium \anc, the latter 
should be rcphiced by a wire, Thf nuinher uf .scromls tuLen bif the jioi titer 
vr spui of light in tiumnt^ frmi any aw position m the scale to the sanit 
jKisition what iirri Viomjuj in the mme dirtdion is called the periodic time »/ 
osdU'iiiim (T). Now the iiuantity of electricity ii in coulombs iliacharged 
through a ballistic galvanometer may bo evahiuted as follows : — 

Let the first thrnw or angular defiecti(m of the needle be fi , ancl 
let the steady angular defiectiou iiruiiuced l>y a ste^idy current of A 
amperes flowing through the galvanometer be (/^ 
Then for very little, or no, damping, we have 
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Init for the small angular motions (u^uiilly not greater than 6* or 7" 
arc) met with in reflecting instruDiiiUts 
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^=4.7 very nearly. 
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If the damping efl^ect is appreciiible, uiiich can be seen l)y the 

^illations of the needle diminishing rapid ly» it must be allowed for 

iy multiplying th« above equations by a coiTectinj^ constant. Thia, 

however, is dealt with at gome length in the author's work, Pructical 

EMiiml Testiuij^ tu whieJi the reader in referreil. 

D*ArsonvaJ« or Moving-CoiU Galvanometer. — This form of 
Jvanometer, originally devised by M. D'Arson- 

ral, is practiwdly the inverse of the moving- 
needle type. The principle is itsed to an 

enormous extent at the present day for both 

hiburatory iin<l commercial instrument, owing 

po the cheapness and simplicity of construction, 
mplef) with several advantages possessed by 

this kind of instrument over the previous ones. 

The construction will be understood fi*om a 

reference to Fig. 100, It consists of a highly 

magnetised U-shaped cnmjxmnd steel magnet M 

composed of sevciul r*s of allevard or tungsten 

steel ttssembleil side by side and clamped t^jgcthcr. 

Midways l)€twecn the jioles is fixed a solid, 

Nolt'iron cylinder or keeper K. Fre^ t« turn 

in the narrow air-gap between the poles and K 

ii a light suspended coil, w*ound with from 200 

to 600 turns of very fine insulate*! wire C, which 

uctially only weighs from about 3 to 4 grms., 

ootoplete with min-or and suspension stri|>s, 
^ and has a resistance (depending on the sensitiveness required) vary- 
H iog from 30 to 600 ohms. This coil is strung betwooij a supporting 
^■KiAfl H an<l foot F by two line pho.spbor bronxe stripes WW which 
^^Q^vo not only to lead the current into and out of the moving coil, 
H hut also as a control, causing the coil always to return to its tnitial 

xcrn |M»sition for no current flowing through it. The motion of C is 

observed by the reflection of a beam of light from the attached 

mirror m on to a fixe<^l scale, 

The fixe<i points H and F are connected by wires to the tM-o 
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termiiiuls of the galvanometer (not shown iti Fi**;. 100). The object in 
biiiltiing up or hnninating M is to obtain the maximum jxjssible 
strength of magnetic field for a given size (riff p. 10), and that of K 
for concentrating this field tbi^ough the coil (vide Figs. 5 and 6). there- 
by increasing the sensitiveness for a given instrument. The induction- 
density due to M in siuh instruments is about 700 lines per sq. cm. 
The turns of the coil C ean^ of course, he wound on a very light non- 
raetalHc frame, or otherwise, in the former case, the instrument acts 
more or less ballistically. If, however, it is wound on a metallic 
frame such uij aluminiiun strip foil, the currents induced in the frame 
itself, vide p. 194, as the current in the coil ciiiises this latter to move 
in the i>ermanent field, damps the rapid motion anrl causes it to be 
aperuxik or dtad-lifai. In other words, the coil is instantly detiected 
to its new position and stops there without oscillations to and fro for 
some time. Thus readings may be taken in rapid succession if 
necessary, avoiding loss of time. The action of the instrument is 
simply that mentioned on p. 125, namely, that the magnetic 6el«l credited 
by the current flowing in the coi! C tends to torn so as to coincide 
in direction with that of M, the deflecting moment and angular 
motion increasing directly proportionally to the current throughout 
the snifdl angular motion (usually oidy 6 or 8 ) of the coil. 

The sensitiveness of the D'Arsonval form, though not so great as 
that oi the Thomson moving-needle type, is ample for moat purposes. 

It cun easily be obt^tined to 
the extent that 1 volt, applied 
to the instrument with 2000 
megohms in series, produces ^V, 
inch deflection on a scale placed 
40 inches away from the uiitror. 
Until quite recently, the 
very simple but efl'ective con- 
struction of DWrsonval gal- 
VMnomeler- indicited in Fig. 101 
wjis that supplied i»y almost 
every maker. Some manufac- 
turers, notably Messrs. Elliott 
Urothers of London, and Cromp- 
ton and C'n. »»f Chelmsford, are, 
however,. now makini: a more elaborate Utnn of tlie instrumeJit, having 
Home advantages over the more simple form. One advantage consists 
in making the soft iron keeper, the moving coil, its suspensiona and 
their supports, defacMle in one frame from the U magnet and base. 
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}pairs ;iii<i interchanges of sensibility, etc, can in this way Jje made 
• few secoruk with the same instrument. 

An innovation by the former of the above-named firms in their 
»-calle<l i'tntury I)*Aimnral galvanometer consists in having the 
lumituum frame on which the moving coil i-i wound^ s^dif, and insert- 
ing a variable resistimce between the two fiarts. By adjusting this 
resistance any desired ainonut of ihuttpi/nj may he ohtaineiL Another 
device for dumping tlie oscillations of the coil is that known us the 
• Idle Wire ' due to Taylor (Patent No. 8181 of 1887). 

The Ayrton and Mather Moving Coil Galvanometer, — This 
iftstnunentj devised l>y Pi<^f. Ayrtnu and Mr. Mather in 18^2, is of 
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f^io. 103.— Ayrtuiiaivl Utllirr Muvkik-CuU GfttvimoHirter, 

the reflecting B' Arson val type, and while working under exactly the 
same princijile us that just describt'il, presents a somewhat novel 
conatniction conifiincd with imijortint propertiew. 

A general view of the lat&st iniproveii imttern ma<.le by Mr. R. \V. 
PauK London, is shown in Fig. 102 with the cover removed. It consists 
of a brass liase, resting on three levelling screws, and carrying the two 
insulatc<l terniinitls, a eirctilur le\'el, and a tripod on which a ix>werful, 
cylindricrtlly shaped, j)ermrtrient magnet is securely clamped. A 
■ket- holder, insulated from tfjo mctnl bftse, but connected to one 
terminal, is fixed directly under the gap lietween the poles of the 
toagnet, and firmly hohls in position the out'Cr tnl>e shown in 
Fig. 10.1. 

The moving coil is of peculiar form, evolved iiy Mr. Mather from 
mathematical investigation, confirmed by exi>eriment, and consists 

a large number of turns of fine silk -covered wire, wotind into a 
long naiTow coil of the form shown at C in Fig 103. The form of 
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cross section of the winding of the limbs is circular, as sliown at E in 
the same figure. 

This form of coil ia tlie best for giving the greatest turning force 
for a given moment of inertia and resistance. It is fixed in 
a protecting tube which is connected to one end, the other 
end of the coil being, joined to an insulated stud passing 
through the lower end of the tube. The tube containing 
the coil and carrying the mirror and suspension clips (seen 
at the extreme ends) is shown in Fig. 104, 

For all ordinary purposes, except Ijallistic work, the 

moving system of a galvanometer shoubl be ai)erio<Hc or 

deatJ-beat, i.t; come to rest *[uickly. To effect this, the tube 

is niajde of silver, when the eddy currents induced in it as 

it moves rapidly bring it to rest. For ballistic work in 

Moving which a long periodic turn is required, the tube is made 

Ayrton ^f ivory. This tube, containing the coil, is suspended by flat 

will Mn- hronze strips in an outer brass tube, Fig. 105, cut away in 

V • II o - front for most of ifs length, nnri fitted with contacts which 

nii'irr, nijiUe cotmectitui to the termiujils when this outer containing 

lube is slipped into the fixed ancket-holder on the base. The inner 

coil tube can be clampCHl during transit by drawing outwiii^ls two 

phosphor bronze strips which pass through a slit in the middle of 

the I inter tube, as shown in Fig. lOa. These strips embrace the 

nuddle of the coil tube and hold it against the side of ttie outer tube. 

The tube swings free of the«e slips when they are pushed inwards. 

A bronze spinil mtikes the bottom connection to the coil and 
allows the latter to hang freely. The coil itself, which weighs about 
2*5 grammes, is specially treated to avoid the presence of magnetic 
material in its conatructiorL The suspension tubes are interchangeable 
and ha tig from the end of a short fiat spring jittached tn the tiOHion 
head of the outer tube. Risk of breid<age of suspension through 
setting down roughly is thus mitumised, while an adjustment to 
Kero U at the same time obtaintHb The pejiudic time of the aperiodic 
coils is frum '2 to 3 sees, and of the ballistic about "> sees. The coiJs 
are wound tc» 4 resist^inces — 3, 93, 325, and 1000 ohms rdspectivcly, 
giving 4 sensiliilities as follows :—.-//>// W?V .• average deflection on 
scale 1 meter olf, (rO, 25, .50, and 65 mm. per micro-ampere. Builutic : 
\ average swing on scale I meter ofl^, 30, 100, 200, 250 mm. per micro- 
coulumb. For the same resistance and periodic time, the sensitiveness 
6t this galvanometer is as great as that of the Kelvin (Thomson) 
astatic moving-needle instruments. 

Holden's Hot-Wire Galvanometer. — A little consideration will 
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ce it evident to the reader that, since all the forms of galviinometer 
described contain either a moving or a tixe<J permanent miignet, 
they will not measure an alternating or rapidly roversitig currtnii. 
Those of the ra€»ving-necdle form wouhl 
measure snch a current if the permanently 
magnetised needle was replaced by one of 
soft iron, but with an enormouii loss of 
sensitiveness. On the other haiub the 
D^Ai'sonval form would do the same if the 
alternating ctnrent to be measured was 
sent round the moving coil and the fixed 
permanent magnet be replacal by a well- 
laminated one of soft iron magnetised by a 
coil sui*pHed with current from the .'^nntf 
source. The keeper K must also be well 
laminated, and the metal frame on which 
tlie moving coil is wound must l>e replaced 
by a non-!uetallic one. Using these an<! 
other minor precautions, the author ha>4 
constructed some very sensitive moving-coil 
alternating current LVArz^onval galvan- 
ometers, and obtained excellent results with 
them, 
ric. im.— Mot- Sonio time ago. Major Holdcn devised 
iiiff Sy^um of jj Iqcii of ffldvanooiet*?r for measuring alter- f^- lu,.. — *iTjun 
"-'iw Otvi- nating current based on the t/irrmol rjft-d ii„vh,>j syftt.'m 
of a current. Ttiis instrument, which will 
lire direct current erpially well, is made hy Mr, J. i*itktn, of 
LondMii, and is commordy called a ki)i'trire gidvanometer. The 
principle of this instrument^ but not the exact form of construction^ 
shown in Fig. 106. It consists of a rigid metallic frame FFp 
)I>iiruted electrically into two paits by the interposition of some 
insulating material at^ .S4iy, A. The upper |K>rtion of V carricH a 
spring S provided with a torsion-head H, and between this \\ei%d imd 
A pin carried by, but insulated from, the end of F, by an insulating 
bush I, is strung a metallic wire wu.. This wire carries a mirror M 
» boss or spindle K» J-ound which is wnippetl a silk fibre T, the 
ler end being atiaihed to the mid-point of another wire W atmng 
itween S and F. 

W and tf' are of materiuls having the same coefficient of expansion 
by he»t^ so that atmosj)heric changes of temperature do not affect the 
position of M and therefore the inilications of the iiiBtrumt^nt. 
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Though both W and w ai*e kept taut by the spring S, ihey are 
insulated from one another, and the current to be measured can onlj 

puss through W. A slight strain 
is put on the silk coupling T by 
turning the torsion-head H. When 
a current, entering jit the terminal 
t, f of the instrument, Htnva throng 
W, tliis wire is heated and expandi 
the sa<^ being taken up by K tunjin| 
wiih a corresponding rntatnr 
motion of the mirror M. 

I'^p to the present we have n< 
touched on the airangement 
enabling the deHoctions of reflectii 
galvanometers to be observe 
There are many devices for effc 
irig this, an extremely noat 
simple one being shown in Fi 
107, which is made by Mesa 
Nalder and Co., of London. 
consists of a seini-tran^jiiirent scale,' 
I;^'^ y^ about IS" long, divided into equ 

arb i trary di visions of j\" eack. Thi 
scale is carried in a frame wbi< 
slides horizontally (for the Icn^ 
of the slot seen) on a T piece terminating in a vertical t\ibe or n 
This latter can slide up or down in an outer tube piovided with a 
heavy foot at the bottom ami a milled imt at the top, for clampinj 
the sliding tube at any height. 

Fixed to the T-picce, which carries the scale, is the lamp-lK)3 
tMjntainiiig an electric glow lamp and provided with a contlensing 
double convex lens at the end of thf inhe which projects froi 
the side. The rays of light from the lamp are condensed by the lei 
through which they pass, and are projected in the fonn of a beai 
of parallel rays on to the galvanometer mirror, which reflects thei 
back on to the scale, forming an image on the scale of a fine scrat 
on the lens. In this way the faintest motion of the mirror 
observable without the employment of a long pointer to magnify tbi 
motion, which would nut oidy he unwieldy, but would also cause tl 
motion to tje sluggish by reason of the ineitia thus added to thi 
moving system. 

Pivot and Fibre Suspensions. — It mav be well to nute here thi 
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are two methods of supporting the moving system of a measuring 
iiuBtrument, namely^(l) by a flexiKle fibre from a fixed support, 
(2) by pivots. 

The first method may be snl>divided into {n) torsioiiless, (h) non- 
lortionless suspensions. In the former of these two, the moving 
system^ such as that descrilnid m 
connection witli Figs. 9(i to *J*J, 
18 suspended by a fine fibre of 
unspun feilk (usually cocoon), 
which, if at all fine and long, is 
practically tortionless. In the 
second «iae, ilie muving syj-tem, 
such a« that of Figs, 100 to 106, 
is suspended by a meUdlie wire 
or strip, often of phosi)hor bronze 
or platinum -iridium, which not 
only acts as the suspension, but 
atao serves as the controlling 
force (by reason uF its tni'sional 
rigidity) for bringing the moving '"•■ '<^ -»*"'i' •'-' ^^ ^^»*<- 

system back to zero. It also serves very often as a conductor for 
leading current into and out of the moving system, as, for instance, 
with the itistninient in Fig. 101 and others. 

Some moving systems, especially those lieloiiging to porUible 
instruments, are carried on a light stc?el spindle, the carefully pointed 
ends of which turn in je\v»?]led centres. The fibre suspension, in- 
variably employed with the most delicate galvanometers, intro- 
duces far less friction to the motion of the mo\ing system than 
ibe finest pivot and is che^iper, Imt it necessitates some levelling 
armng«ment, as a rule, to ensure freedom of the moving system 
before use. 

The Duddell Oscillograph. — In the various kinds of galvanometers 
connidcred so fur, as well as in all other forms working on similar prin- 
ciptes, the Periodic Timeoi oscillation of the moving system ranges frfiiu 
a higher limit of something like 20 seconds in highly balh'stic instru- 
ments to a lower limit of 1 second or a little less in damped ones. 
Mail}' ordinary forms of galvanometer have moving systems which are 
higlily damped, — i,e. extremely dea<l-l>eiit, — but the inertia of their 
moving systems prevents them following very rapid fluctuations of 
current For exjimple, the pivoted D' Arson val galvururaetcr illus- 
trated in Fig. lis wouhl follow almost exactly the fluctuation of 
current delivered from a dynamo which is driven from an old-fashione<l 
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gfts-engirie, l>uL would not move if ibis ciiiTent was reversed 50 or U 
times a secoml. 

An instrument cjipablc of accurately following extremely rapid 
fluctuations and periodic rcversuls of current is the highly special)! 
fonn of raovitig-coil D'Arsonval galvanometer devised by Mr. 
Ihuldell, and called tlie Osidhitjiaph. Apart from the arrangement 
employed for reading its deflections, the principle on which the 



1 
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t. lOK.^I'rlnt'ipleuf Dtidclelll Oiirni<i«niph. 

galvanometer itself works will l»e undcralood from u reference to Fig, 
108. In the narrow gap between the pctles N, S of a powerful niagnft 
are stretched two parallel conductors », s, formed by bending a strip 
of phosphor bronze liack on itself over the pulley P, which is attached 
to a light springbalanee. At the bottum ends the strips, which have 
a resistance of almut fi ohms, are clamped on a block K, while at the 
to]) they are held in position by the bridge piece L. 

By altering the tension on the spring stretching the ph«>8ph«ir 
bronze loop, the pt^ruKiif time of the instrument cJin be varied at will. 
Each stnp or leg of the loop pistes through a 8C|)arate gap (not shown 
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in Fig. 108) in the magnetic circuit filled with a viscous oil, over which 
\A pluced a small lens. 

This lens is held in position entirely l>v the surface tension of the 
oil, which it thus keeps in place, the object of the oil being to damp 
the raovemeDt of the strips. A snuill mirroi- M (usually about 
I > 0"3 mm.) is attached to the tooj), with the longer edge vertical, for 
indicating its motion. When a current is sent through such a loop — 




Vi't. litV. -l*ouUif lii;.U'i'rri|ni'IJt'y OltiMllojnnjjIi. (M'jirnil Vj*tW. 

l,^ up ur>e leg and down the other one leg tends to advance, the 
other to recede, thus causing M to turn, througli a small angle pro- 
|K*rtional to the current, about a vertical axis. The clearance between 
the sides of the gaps and the moving strip is only aljout fJ038 mm*, 
to that the damping effect of the oil is enormous. 

Fig. 109 &how5 the general form of a ' Ihiuhle Hiijh - Frcquencu 
iMHio^ifph ' consisting of two distinct loops (the s'uujlc pattern con- 
taining only one loop) and really constituting two single instruments 
built compactly in one magnetic field. With this duuMf form the 
Httctuation of two currents, or two I* [>.'8, or a IM). and a current, can 
\m observed or measured absolutely simidtaneoiisly, the zero line being 
tibtnined bv means of an additional mirror fixed to the instrument. 
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Small fuses having 21 resisiatice of al»out 5 ohms, an*] constsling of 
very fine wii'es, which are enclosed in glass tubes and held in position 
by spring clamps, are fixe^i below the strips (Fii,'. 109), but in eerie* 
with them, nnd protect the strips from being fused in cflso of accidental 
excessive currents. 

It will be seen that in this type of the oscillograph the nuignetic field 
in which the loops move is produced by nteans of a jx)werful electro- 
magnet wound in 8 sections, the resistance of which all in series is 
about 360 ohms at 30 C. These are connected in pairs (of two in 
series) between the 4 piirs of terminals shown, so that b}' suitably 
combining them the magnet can be excited direct from 25, 50, or 100 
volt continuous current mains. Exact adjustnicTit of exciting current, 
w^hich is normally 0'28 ampere with all the coils in series, is unneces 
sary, for, the iron being saturated^ a change of 4 ^ more or less in the 
current only alters the sensibility by about 1 *;/, The tangent screw- 
lieads ft, s are for bringing the spots of light to zero. 

Indicaihiff A rrangetMuts.— The motion of the spot of light reflectedj 
from M, which may l>e oscillating several hundred times [^»er second, 
in the ordinary cl.'iss of work for which the oscillograph is intended^ 
would be far too rapiil to be followed by the nalced eye on an ordinary! 
scale, Coneeipiently one of the follawing ihrt^e methods for obserrin; 
and recording the movements of the spot or sjjots must be employed 

(1) By viewing the reHection of the moving sjxjt on the screen i; 
a mirror rotating on a horizontal axis, and situated so that, owing t 
persistence nf vision, tJie moving spgt appears flrnwn nut into a brigh 
time-cuj've of the variation to be observed. The curve can then I 
sketched for future reference. 

(2) By recording on a photographic plate or film, which is cau 
to move rapidly at right angles to the plane of oscillation of the bea 
of liglit, the motion of the moving b\)oL This metho<l is very expedi- 
tious, gives pcrniamnit rccoi-ds free from personal error, and is t 
only satisfactory one for recording rapid irregular variations, 

(3) J{y the combination of two motions at right angles, one pro- 
portional to the instantaneous value of the current through the oscillo- 
graph, the other to the time. I 

The spot now tmvels continuously along the curve of variation 
required, which, owing to persistence of vision, appears as a biight 
stationary curve of light. The method is only applicable to periodic 
variations, and is operated !jy the l)eam of light from the oscillograp 
mirror M buing reflected, before reaching the screen, by an additign 
mirror, mtated synchronously with the variations to bo recorded, on 
horizontal axis — i.e. right anglos to that of the oscillograph mirror 
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III the single and double poruible forms of the instrument the 
eJectro-nmgnet is repkced by a permanent one with a corresponding 
diminution in the perimiic time of tho instntment. The deflection 
in this form is observed in the mirror above referred to, which is 
rotated by hand. 

Properties and Uses of the Oscillograph. — ^Tho extreme value 

importance of this uni<]ue form of instrument can hardly be over- 
estimated, for not only has it the shortest periodic time (ranging from 
X^ms ^^^' "* the doulile projection type to only looinFsec. in the 
double high-frequency pattern vi'hen undamped) of any galvanometer 
yet made, but also extreme sensitiveness combined with a low tot^d 
tistance (including ftise) of from 5 to 10 ohms. It k i>erfe€tly dead- 
it, has practically no self-inducliori or capacity, and is absolutely 
free from errors due to hysteresis. 

When it is rememhered that with an ordinary well damped 
l^lvanometer having a periotl of 10 seca., accurate observations can 
only be made of varying currents and P.IX's which go through a cycle 
of variations in not less than five minutes, whereas the nseillograph will 
accurately record a cycle of variation which takc8 only 3^7^ of a sec, 
the extreme value of Mr. l)nddeirs invention will be appreciated. 
Its deflection at any instant is accurately pr<*|Mirti<>jial to the instan 
taneous value of the current flowing up one limb and down the other 
limb of the loop jw, Fig. 108, even with cycles of variation occurring 
at as high a rate as 300 per bcc. 

The sensitiveness is such that with the normal-scale distance of liO 
cms., a deflection of from 3 to 4 cms., but which should not be allowed 
jed 5 cms. each side of zero, is obtained, with from 05 0*10 
(dei>ending on the form of variatioji to be measured) through the 
looix This, with a tension of 8 ozs. (for pattern shown in Fig. 109), 
normal exciting current in magnet coils, and using damping oil, corre- 
sponds with a sensibility of al>out *29 cms. deflection on the scale per 
amfierc. The oscillograph may, with the above qualifications, obviously 
!)« employed in many detcmdnations of an extremely important and 
practical nature. For instance, to record the simult^meous changes of 
l*.D. and current in (<i) an alternating current circuit, (A) charging and 
discharging a condenser or electric cable, (r) making and breaking nn 
inductive circuit, (fl) an arc lamp when hissing, (/*) the primary of an 
induction coil, (/) the armature coils of a dynamo, etc. We shall see 
at a later stage how extremely important the measurement (a) is to nn 
electrical engineer. 

The method of connecting the oscillograph to a circuit for the 
pur|)oae of measuring the variation of P.D. and current is shown 
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syml>olically in Fig. 1 10. The P.D. necessary to work the oscillo- 
grapli when fuses are connected in series with the strips or loops is 
from 1 to 1*5 volt. The loop intended fur recotdtng variations of 
the main current is connected in series with its fuse /',, switch Sj, and 
low resisUmee Rj across the terminals of a standard non-indnctive 
low I'eaistanec K^ in the main circuit. If the P.D. nt the terminals 
of Ry is V \i)hs when a current A tirap, flows through it 

Then hy Ohm's Law r = .\Rj volta. 

If the resistance of It, remains constant for all currents, then th'* 
P.I), (r), which the osuillogi'aph loop measures, is directly propor- 
tional to the main current A. 1^ is for adjusting the setisitivene^ 
to a round number of amperes per ram. deflection on the scale. The 




Vtii, HO.— Cuimei'tlou of StJrii;»* for Mi«ftaiin'(ii''iil of Cuiicnt «iinl K.M,K. 

JtK»p intended for recording variations of the voltage across the mains 
is in series with its fuse /g, switch S^, and a high non-inductive re- 
sistance Uj acror?* the mains for voltages up to *J50. Rj is atljusted 
to give a round number of volt^ i>er mm. deflection on the scale. The 
synchronous motor for rotating the mirror is connected in series with 
a non-inductive lesisUince across the mains as shown. For voltagea^H 
up to l;i,000 a small transformer is used with the motor, and there ti^H 
a j^light modification in the connections of the P.D. loop with resistances 
across the mains. 

Potentiometer Standard Measuring Instruments. — Of the various 
types of measuring instrumeots designed for use as standards in the 
calibration of ordinar}' instnimeiiU, the so-culk'd potentiometer mtist^^ 
lunk as otie of the best. It possesses many arlvantages, enablin^^H 
extremely accurate raeasurements to be made of redshinrt^ currftit, 
vnlhifVf and i'lci'triail pourr with ctse and rapidity. As is suggeste<l 
by the name, the potentiometer is a potential measuring instrument^ 
all readings being in terms of a universal standard of E,M.F., f.fj. the 
Clark cell or its modifications. 
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There are several forms of potentiometer, now in common use, 
which have been devised by different makers, but the description of 
onewell-kDOwii prominent fnrmj namely, the /itjw/- ///«*///<// Ffttfuliomttcr, 
mjide by Messrs. Elliott Brothers, of London, will suffice here. A 
view of the instrunient is shown in Fig. Ill, and a diagrara- 
natic view in Fig. 112. It consists of a wire redstimce RRll 
accurately divided into 149 sections, each about 3 inches long, 

L^ 1^' 




etc 



Ftu. 11].— D(lvct-RMHllr»g PotriillomDl«r<,KiiiuU UratherN), 

nnectc<l to iixefl contact studs j^hown, numbered 1, 2, 3, , . ., 

, up Ui 149 in Fig. 112. 

The reaistance UlJR ti_Tniinate.s at one end in a very short * slide- 
vrire' KM, over which mo\es u scale arm L. This is provitled with 
a spring contact key \V, which when rlepreased makes contact with any 
point on KM corresponditij::; to the position of L on the scale. The 
149 sections, together wnth the ntide-wire KM, are all adjusted so as to 
be alfflolutoly equal to one another in resistance. Iner|ualities in the 
'drawing 'of KM are compensated for by dividing the scale over 
which L moves, so that the individual divisions of KRR are exactly 
multiples of those on the scaIc. For example, the F.D. over 14(>'7 
sections of RRR is exactly five times that over 28 divisions of KM 
1 i divisions of the scale. The divided wire resistance RRR with 
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its contact studs is arranged in circular iovm, utnl concentric vritb a 
largo toothed wheel. 

At one extremity of this wire N — at the 149th contact — it in 
connected to a small hne-adjustment rheostat 0, and then to P iind 
Q, two other adjustable rheostuts in series, and so proportioned that 
the total resistance value of is rather greater than that of one 
section of l\ whilst the total value of all the sections of P is 
slightly greater than tlnit of one section of Q. P, Q, and O are not 
adjusted in any definite values — they serve simply as adjuatnients. 
In piuclice the whole uf Q, P, and O are approximately- 200 ohms 
altogether. The divided wire RRR itself is about 30 ohms resist- 
ance, and one end of rheostat Q is joined to terminal B. The other 
extremity of the wire KRR is Uiken up through the top of the 
instrument at K, where it is led round a curved segment, and where 
the moving contact arm L can travel over it. A scale is fixed to the 
top of the instrument, and a pointer is attached to L, so that when 
the mo\nng contact is on the stud K, the i)olnter attached to the 
arm L stands at zero on the scale. When the arm L is moved till 
the pointer atanda at the figure 10, tlien the movirtg contact haa 
passed over a length of the divided wire exactly eijual in resistjUico to 
any of t!ie other 143 sections between K and N. 

A contact J can travel round the circle of the divided wire and 
make contact with any of the 149 small contacts fixed to it. This 
contact J is attached to a laige toothed wheel* the edges of which can 
be seen ni Fig. Ill on the right and left of the instrument. This 
aflords a ready means of shifting the position of contjict J, and its 
position with reference to N and K can be seen through a small 
window in the front of the instrument, thi-ough which a nuuibcr 
shows corresponding to the number of the contact on which J lies ; a 
device is provided to cause J to make contact deKnitely on either one 
or other of any pair of adjacent contact studs on the divided wire. A 
wire is led from J to one on the gah^anometer terminals E. 

The travelling contact on arm L is connected through a small key 
W t^ the bar of the multiple switch, the other bar H bt^ing connected 
to the second galvanometer terminal D. The key is provided with a 
amall clamping tlevice, so that it can be kept down if desired, and the 
galvanometer defections manipulated with key X. Care must be 
taken that no source of K.M.F. is attjicbed hy mistake to terminals 
F, Ct, etc., as, in the event of key W being clamped down and switch 
V being in these terminals, a comparatively powerful curi*cnt might 
flow through the galvanometer and the slide-wire, prolMibly damaging 
both. The key K therefore should only be clamped down when 
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ng a Beries of tests in which there is no chance of a wrong 
coimection ha^nng been made outside the instrument. 

It will lie soon that a closed circuit always exists between A and B, 
i.e.fronj A thn:mgh C to M, 
K, RKR» N» O. P, Q, 
«tc,« to B, through which 
the current from the 
working cell pasaea. This 
circuit h of variable re- 
sifttance owing to it con- 
taining the variable rheo- 
ts O, P, and (} ; but iti 
east!5 the whole of the 
divided wire RUR is in 
t. The working 
itery, consisting of one 
secondary cell, is con- 
tiectwi to the terrainala A 
•fid b in all measurements^ 
U fti«e being inserter] 
C to protect the slide-wire from injury should too high an E31.F. 
b« accidcnuUy applied to A and LI. The galvanometer, which gliould 
ways be of the D' Arson val type (p. 211), is connected to terminals 

I) and E, across M'hich latter is 

connected a short-circuit key X. 

This key in its free position keeps 

the galvanometer short-circuited 

and thus protected against 

being deflected. A multiple 

double-pole switch Y enables the 

two common bars H and I to 

be connected to any of the pairs 

of teiminals FG, F^G,, F,G.., 

etc., at will Across these i^airs 

of terminals respectively are 

connected the various sources 

of IMJ. to be compared or 

measured. 

Hjivuig now deMTibed the potentiometer itself, it may be well to 

briefly indicate the mode i*f using it for the various measurements. 

Having connected the gah'anometer to DE, the working cell of the 

potentiometer to AH. and the standard cell (of known EM.F.) in series 
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with a high resistance to the terminals F, G, the first operation is to 
*Ar/' the potentiomoter, except in the measurement of resistance only, 
when it is unnecessiiry, as also is the use of the standaiYl celL 

Let the KM.F. of the standani cell (corrected for temperature) be 
1*4340 volt, then set the figure 143 at the window and the arm L 
to 4*0 on the scale. With the multiftlo switch V to temiinals F, G, 
vary P, Q, and so that on pressing the key W no deHection is 
obtained on the galvanometer. The P.D. down the divided wire, etc., is 
now just Imlanced by the E.M.F. of the standard cell, and is equid to it , 
hence each movement of the toothed wheel currespjnds to Mil volt, 
and that of the arm L from 1 to "2 or 2 to 3 on the scale means 0*001 
volt. The varialile rheostats F, Q, and <» must not on any account be 
touched now except to maint^tin the true * setting ' of the potenti- 
ometer, should it alter slightly from time to time. Suppose now that 
we remiire the value of a resistance R„ then a standard known 
resistance R^ is chosen, having a vahie as near to that which K, is 
thought to have as ^lossihle. These two are joined up in scries with an 
adjustable rheostat XXX and a secondary battery (as shown in B^ig. \l',\) 
capable of supplying a aniatttHt current through them. The terminals 
of R;c and R, are connectetl to the potentiometer at FG^ FjGj, ... 
etc., by wires W. 

A steady, consLant current C of suitalile value, luii which must not 
exceed a value that will make CR^ or CK, greater than 1*5 volt, is 
now maintained through R^ and R„ and the terminal P.D. across each 
successively measured by ailjusting the wimlow atid slide-wire readings 
so that on pressing the key no deflection is obtained on the galvan- 
ometer. 
Then ''!>- - rD, = K, x R, {vide p. 08). 

To measure current, only R, is neededj which should in all cases 
have sncli a resistance that if multiplied by tl»e maximum current to 
be used the product does not exceed 1'5 volt. Having 'wf' the 
potentiometer, measure the P,D; (V,) across R, (Fig. 114) for anv 
cnrrent to be determined. Whence In* Ohm's Law we have the 
current 
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In the measurement of E.M.F.'s any value up to 1*5 volt can be 
connected directly to the potentiometer and measured. All P.D. 'a 
greater than 1*5 must be connected to a ratio box consisting of a sub- 
divided resistance (Fig. 115). If then the potentiometer be connected 
across a known fraction K/ of the total resistance R.,. to which the 
whole P.D. V^ is joined, it will measure the same fraction, namely, 
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must not exceed 1 a voU. 
I'or greater detail with regard to making measure men ts with tlie 

potentioniet^r, the reader can more appropriately be referred to books 

dealing with the practicul side of 

the subject r)tily. 

Moving' Soft - Iron Needle 

Ammeters and Voltmeters, — 

This type of iiistnimeiit forms a 

large claiss at the present day, 

and comprises all those instni- 

Aente in which a light piece of 

very soft iron, free to move, is 

attrueted or re[ielled tinder the 

infiuenco of an elettro-ma^etic^ 

field w;t up by a suitably wound 

solenoid. There are many forms^ 

of insirumeiit working on this 

principle, each manufacturer employing either a different shape of 

needle or form of motion of this sr>€alled moving piece of soft iron. 
A little con.9idemtion will make it apparent to the rea<ler that 

ainoe the strength of a magnetic field depends on the tmijure iuTTis of 

magnetising force {vide p. 131), it h immaterial whether this prochict 

U given by a small current through many turns of tine wire or by a 
-•— large current through a few 

turns of thick wire, for the 
mme si::e of roilj and mmr 
.si remit h of field so proiluced. 
Consequently the ojdy tliffer- 
erice between an ammeter and 
a voltmeter of this type lies 
in the wirjding of the working 
coil, and in nothing else. For 
example, an anmieter, which 
measures currerit strength, is 
connected in series with one 
main, and should have as small 
with a few turns of insulated 
the main current without 
coil. 
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a rcjsistance lus possible. It is wound 
copper wire sutliciently thick to carry 
wiy appreciable loss of prefiaure in the 

A voltmeter, which measures pressure, and should have as high a 
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resistance as possible, on the contraiy^ is wound with a large num 
of turns of insulated thin copper wire so as to pass as little current as 
possible, for a voltmeter is connected across the two supply mains. 
The controlling force, tending to restrain the detloction of the needle, 
with its attached pointer, from zero, may be either (fravitif^ that due to 
tt spritifjj or that due to a permanent steel imgmf. This type of instru- 
ment is applicable to the measurement of alternating c^urent and 
pressure, and is simple in construction. All forms of the moving- 
neetlle type of instrument have the disadvantage that, unless shielded 
{rith- p. 9), they are liable to read wrongly through being aHected 
by magnetic fields due to neighbouring magnets or currenta flowing in 
neighbouring wires. For this reason such disturbing elements should 
be kept as far away from thesij instniinents as i«is.siblf. 

W'e may now consiHer some particular form or make of electro- 
magnetic instrument of the 
moving soft-iron ueedle type. 
In selecting one for desciij)- 
tion the author has chosen 
that known as the Vnkfin 
standard mavmg-nttdle. form in 
being as representative of the 
|>nneiple as any other form. 
The working principle will 
be understood from Fig. 1 1 6, 
while Fig. 117 is the general 
view of a voltmeter with a 
10" dial reailing from to 
150 volts. It consists of a 
short bi-ass tube T terminat- 
ing in brass tlanges F, F, the 
bobbin thus formed being 
wound with either thin or 
thick insulated copper wire £ia desired. A very soft piece of iron 
wire X8, about No. II gauge, lies between the winding and tube T 
and extends the whole length between the flanges, A light steel 
apindle AA is pivoted in jewelled centres which are carried by a brass 
crosspiece B at the front end and another at the l>ack. 

To this spindle is fixed the light altmiiniura pointer P and two 
light arms c, c of the same material, which carry another piece of soft- 
iron wire ns about as long as N8. In the zero position of the pointer 
P which the hair-spring D of phosphor bronze tends to maintain, the 
wires ns and NS are parallel and close together, one either side of the 
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waU of the tube T. When therefore a current traverses the coil l>oth 
wires l>ecome magiietised, siniihir polarity being set up at th« aunm 
eiid. Hence the movable wire is repelled a certain distance from the 
dxed wire, corresponding to the strength of current flowing. This the 
pointer P therefore indicates on the scale, and it comes to rest when the 
deflecting force of the current Imlances the restmining force exerted by 
the spring D. In this and all similar instruments the amount of iron 
in the moWng needle and about the instruniient generally is reduced to 




Kici. 117.— Vulcan Volmwter. 



minimum, jmrticularly when it is for use with alternating ciu'rents. 
Further, the iron is of the softest obtainable, so that the residual 
netism and hysteresis exhibited by it may be as small us possible. 

llovln^CoIl Permanent -Magnet Ammeters and Voltmeters. — 

The various makes of instrument belonging to this type, though 
differing some w bit in details of construction, all work on one common 
principle. This perhaps will the more easily be understowi by the 
dewription of one of the latest forms which has been devised, and 
i& made by Messrs, Crompton and Co., of Chelmsford, Referring 
to a plan and elevation of the working pArt« of the instrument, 
shown in Fig. 118, in which some details (Ui 1m* seeti in subserjuent 
illustrations) have been omitted for the »ikc of clearness, it consists 
of a powerful U-«baperl permanent magnet M, specially treated^ or 
^aged,' aa it ifl termed, to ensure that ita strength {ie. it« magnetic 
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moment) shall remain practically constant with time after the instru- 
ment is once made. The poles N ami S of M are both bridged and 

fixed by means of the screws 

A to a compound piece con- 
BiBting of soft-iron cheeks I 
fitted with brass spacers and 
holders B into what has the 
appearance (except imder 
close inspection) of a soli 
block with a centi-al cylin 
drieal hole T accurately bored. 
This compound block is 
shown to the left of Fig. 1 1 9, 
and is proWded with four lugs 
L for screwing it down to a 
l»ase. 

The tips V of tlie soft- 
iron cheeks I, which, by 
direct contact with the limbs 
of M, form curved ma^etic 
poles of north and south 
polarity, are separated by the 
lion-mugnetic brass of the 
spiicei^s B. These hist-named 
support rigidly, by means of 
a brass disc provided with 
two projections E, a cylindri- 
cal soft'-iion keeiwr K of the 
same diameter, concentricjdl}' 
with the hole T» 

Pivoted by steel |joint8 D^_ 
~if^ resting in jewelled centrefl^j^^ 
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which are let into the ends of 
K, is a light rectangular coil 
C This consists of a large 
number of turns of fine in- 
."^ulated copper wire, wound on 
a rectangular frame made from a strip of aluminium foil, so that a dead- 
heat motion of the muving coil is olvtained {I'nk p. 1 J)4), To the upper 
pivot is rigidly attached a very light aluminium pointer P for indi* 
eating the mi)tiotJ of the coil C ; and a delicate spiral phosphor bronze 
hair-spring S, one end of which is fastened to !>, and the other to 
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TOg with a milled edge (Figs. 110 to 121), servt-s hs the controlling 
force of C, tending to keep it in its zero position. By slightly 
turning the milled ring the pointer P can at once be set to zero on 
the scale if it ever becomes displaced. The mo\ing coil C, the keeper 
i, attiicbmeiits, and connections can be runjoved from the block in 
piece aa shown in Fig. 11 y. The t-op view of the block \nth 
e movable system in position is sho\Mi in Fig. 120, and the bottom 
view in Fig. 12L The current is led into and out of the moving 
coil by two very thin curved flexible ligaments, 
aeen in Fig. l'2l, and not by the usual hairsprings 
employed in all other forms of moving -coil per- 
mauent-magnct instnmient. 

A complete instrinment of this make is shown 
in Fig. 122, mounted in an iron case in cjrder 
to sliield it magnetically. The moving-coil type 
general can be made to measure volt^iges of any 
uitude by connecting tin? moving coil in series 
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with an extra non-inductively M'ound high resislanco ma<le of tow tem- 
perHUiJ*e coefficient material, the extremities of the combi nation being 
the tenninulg of the voltmeter {M' p. 74). An ammeter is formed by 
eonnecting the coil in series with a snmll resistance to the ends of a 
low-resistance shunt which is capable of carrying the full current 
easily. The scale is then graduated in am|>eres by comparing the 
deflections of the jK»inter with those of an accurate standartl ammeter. 
The principle of action of this type of instrument is identical with 
that described on page 211 d .<<•</. ; but in this case, owing to the pole- 
3 and keeper l>eing very close together, and to them being turned 
;urately concentric, the magnetic lines of force are everywhere 
Uniformly distributed in the gap, so that the deflecting force, due t^ 
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a current in the moving coil» is directly proportional to tlie cuitci 
Thus a imiform scale of equal divisions from end to end is obtain* 

Since a permanent magnetic field 
used, this typo of instrument can 
only be used with continuous current 
and will not work with alternating 
currents. 

A particularly clear view of the 
working partes of another form of 
permanent -magnet moving -coil in- 
strument is shown iii Fig. 123. 
It is made hy Dr. Rudolf Frank e 
and Co., of Hanover, and part of one 
magnet pole is removed in order to 
show the niOAnng coil and keep 
etc., more clearly. It will be 
that the moving coil is pivoted 
a cross-bar at the top and 1x>tt< 
instead of to the keeper as in 
Croraptou fonn. 

An important advantage, com- 
mon to all the dilfercnt fonus of this 
class of instrument, lies in the fact 
that, (nving to the strengtli ai 
compactness of the pennanent maj 
net, these instruments are pnictically 
unaffected by external magnets ?ii 
magnetic fields set up by currenl 
flowing in neighbouring wires, etc, 
• Hot • Wire ' Ammeters and 
»<>»itioii »»twe*n Voltmeters* — The thermal or heat*, 
ing property of an electric currenl 
mentioned on page 35, has been in the past, and still is, heinj 
employed U} a very consideralilc extent in the manufacture 
instrumetiis for measuring cuiTent and pressure. AH such insti 
raents utilise the pioperty in the same way, namely, in the heatii 
of a stretched wire ; but tliffercnt makers employ different devices fc 
magnifying and indicating the expansion or elongation of the hoi wire, 
which is made to serve as an indication of the current flowii 
through it. 

Aa is well known, Major Cardew was the firet to devise a practi< 
form of instrument working on the thennal principle, after spending" 
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& vaat araoiint *A lalxmr in overcoming several sources of error inherent 
riih this kind of instrument. Acting on the experience gained in 
the evolution of the Cardew form, other makers have sought to 




Fifi, l;;i,— UiiUtij SiUc of Ftile-ritjcu ami C«il. 



uTiiiSe the same principle in a muiL^ comjxict form, and by elimitiating 
I'rrorfe in other vajs. Befnre describing a prominent form of hot wire 
inftntmeut^ it may he well to hrieHy consitlei' the theory of the 
principle. From principles huil <lo\vn on page 54, the reader will at 




Tin. rJ2^ — t:roijiptoii MuvLoK'-f 'Oil VollnioU't. 

^H^ ido that, if a current of C amperes flows for ( seconds through 

a wire of K ohras resirttance, the I'.D. between ita extremities being 

V volta, the total numl>er of heat unite H generated in the wire will be 

H =: 1i89C^R/ = 0-289 V(X 
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The unit of heat Htlopteil was defined on page 54» and if W is tho 
weight of the wire in grammes, S the specific heat of the material of 
the wire, which may he defined as the rjiiantity of h<?at absorbed by 
it, for a given riise of temperiiture, comp^ired with the quantity of heat 
ah8or}}ed by an equal mass of water when raised through the same 
range of temperature, and if T be the rise of temperature, then we have 



TC 



0-239 ^ = 0239g^ 



Now when a current is wnt thmngli the wire, the latter is heated, 
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and the iiocur expansion or elongation of the wire is proportional to 
the product of the rise of temperature T' and the coetticient of linear 
expansion « for the material of the wire, i,^. the t'ltmgation is 
proportional to T\ 

But the rise in temperature only goes on until the rate of pro- 
duction of heat due to the current is balanced by the rate of loss of 
heat by radiation, and which latter is nearly proportional to the rise 
of temp<3ratiiro T. Hence the expansion or elongation of the wire 
is proportional to C- or to V-, where W and S are constants and K 
nearly bo for a given wire, this consisting of a material which changes 
very little in resistiince with tlie change of temperature experienced 
by the wire in a 'hot-wire' instrument. 
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We may now (lescril>e the VnUan hot-wire insitumeni supplied by 
Messrs. Geipel and Lange, of London, and whichi is one of the latest 
forms of the direct-re.a<rling thermal type. The geiieral arrangement 
of the working parts is shown in Fig. 1*24. The working hot wire A, 
composed of low temperature coettident material^ usually the alloy 
platinum-silver, is fixed at one 
end to a horizontal liar M 
pivoted at D, while its lower 
end is fixed to one end of a 
shorter horizontiU bar L. This 
bar L is pivoted at E to a 
bracket O, its other end being 
sus])ended by a tine wire W 
which passes round a small 
pulley K (capjihle of turning 
on a small spindlt* running in 
jewelled centres li and is attiiched 
to the lower end of a spring H 
fixed to a bracket G, To the 
spindle carrying K is rigidly 
attached a b'ght pointer P 
(with its balance weight E), 

which moves over the scale S. A constant tension h kept on 
lirorkitig wire A by means of the adjiisting nut N and spring C 

Wlien a current is sent through A, the wire extends, due to 
heating, and the extension is at once taken up by the tension of the 
spring H M'hich pulls up the wire W, and with it the lever L» which 
tilts about tfie pivot E. The upward motion of W which passes 
round K causes this latter to turn, and P to take up a position on 
S corresponding to the elongation of A. The effect of external 
changes of temperature is nidlified by an ingenious comi>ensating 
device as follows : — A number of wires B, ha>'ir>g the same ctjetficient 
of expansion as A, are fixed at the b(»ttom encJ to the frame F, so that 
any elongation must lie iiiken np at the top en<l. Tlicy arc kept taut 
by the spring C, which actuates the upper end of A as well. 

The wires B and A, therefore, elongjite by the same amount, for 

external change of temperature, which, however, only atlects the top 
ends. Consequently the lower end of A which actuates P maintains 
the same position in space for any txfcrmd chmiji' of ieinjifinture. 
Any slight alteration of zero with time is readjusted by turning 
the nut N so as to increase or diminish the tension of C. The ends 
of A are connected by wires T, T to the terminals of the meter. 



Fitj. 124.— Priuclpleof ViiIcAUilot-Wif«' Inhtniment*. 
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These instnimonta are particularly economical in power wasted or 
rerjuired to work them as compared with the hot-wire type genenilly. 
voltmeters requiring only 01 awijiere throut^h the wire A to give a 
full-scale deflectioD, while other forms take from 0*2 to 0*35 ampere. 
The worlting parts of the instrmnent are the same for both ammeters 
and voltmeters. 

The instrument becomes an aninveter l>v shunting it for all currents 
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Flo. 12j.— Viilcau Hot- Wire Aiiimtler. 

above 4 amperes to a low-i^esistance strip, or shujit as it is oft6ti 
termed, and which carries practically all the cuiTent with a fall of 
pressure between its terminals of 01 5 volt for a maximum scale 
deflection. This fall of potential in other forms varies from 0'2 to 
0*3 volt. Fig. 125 shows the arrangement and indicates an instru- 
ment with a 7" dial connected to a 1000 -ampere low - resistanc^J 
shunt seen above it. A voltmeter has the same appearance, b^^f 
instead of the shunt it is placed in seiieB with a high non-inductive 
resistance which does not vary with change of temperature. The 
magnitude of this resistance, which up to 150 volts is placed inside 
the instrument, determines the maximum voltage which the voltmeter 
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will measure. Thus it will be seen that the thermal principle cau be 
utilised for the measurement of both current and pressure, but owing 
til this and all other similar instrimients operating under the sqitnt'i; 
, the scales of all are crowded near zero and giadually open out. 
ings can only be taken at all accurately on three-fourths of the 
scale, whde the last one- third of the whole range occupies the last 
half ol the scale. 

Hot-wire instruments have the following advantages over thoae 

king on the electro-magnetic principle, namel}', they are (n) dead- 
it ; {h) direct reading ; (<) unaffected by, external magnetic fields ; 
{fi) free from temperature errors ; (<?) they will meaaui-e with equal 
accuracy, on the H<inie scale, both eonlinuous and alternating P.D.'s. 

Electro -static Voltmeters, — The reader will doubtless remem- 
ber {adt p. 25) the laws of attraction and reindsion between charges 
or quantities of electricity, namely, that those of Hlr shpi rcpd, while 
tho»e of opjumi^ siiju attnuij one another. It will, therefore, be 
evident that two conductors in fairly close proximity to, but in- 
9ulat«d from one another, will tend to attract one another if they 
aiv charged, one with -f " und the other with - ^ electricityj or which 
i« the same thingp if they are connected to the terminals of an 
electric generator. Further, if one of tliese conductors lie free to 
move very easily, it will be attracted to and move towards the other 
fijted conductor ; the greater tlm charge on each, or the RD. between 
tlie nearer will it approach ti> the fixed conductor for the 

e rc«training force. The foregoing principle of electro-static 
attraction between two bodies charged to opposite potentials forms the 
boftis of the action of the most inqiortant chisa of potential measuring 
instruments known eonmiercially as the elcctro-stiitic voltmeter, or 
pby»ic4illy as the electrometer. 

There are different forms of electrostatic voltmeters as miide by 
difl'erent manufacturers, but the principle i« precisely the same in 
tbeiD all. We will, therefore, confine ourselves now with the descrip- 
tion of one form, namely, the A>jrf(m mtd Mather ekdro-sUitk voltmder. 
The constrtiction will be luulcrBtuod from a reference to Fig, 1*26, 
which ia a perspective elevation, and to Fig. 127, a plan of the prin- 
cipjil jwrta. It consists of two outer vertical bra.ss plates, (i, G, 
curved into the form of nearly quarter cylindei-s which are hehl 
together rigidly by the bra«8 end pieces Ij, L, the lower one of which 
inates in the platt-s M, M for screwing the arrangement to a Ikisc. 

led by, and in elect ricd connection with, G, G are two inner 
curved brass plates H, only the left-hand one being visible in 
Fig. 12G. These plates H are also nearly quarter cylinders, con- 
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centric with hut rather shorter thaii G, G, a narrow cylindrical air-g&p 
being left between H and G. 

A very light frame of ahmiinium foil. consiBtiiig of two curved 
side pieces N (forming nearly <iuarter cylinders), held together 

rigidly at the top and bottom ]>y 
strips K of foil, is carried by a vertical 
steel spindle E, pivoted in jewelled 
centres, which are fixed in insulating 
collars carried in L, 1,. The motion 
of the so-called needle N is indicated 
by a very light aluminium pointer P 
fixed to E, and is controlled by a fine 
phosphor bronze hair-spring K- The 
inner end of K is fixed to E, and the 
outer end to a tenRion-adjusting arm 
A (Fig. 127), by slightly turning 
which the pointer P can be adjusted 
to zero on the scale S. P is counter 
l>tdanced by an extension or weight 
on the opposite side of the spindle E. 
The curved sides N of the movable 
iieetlle are eoncentric with thoj>e of G 
and H, and can move in the air-gap 
between these fixed si«!e«, wliich are 
sometimes termed ' tiuhirtors.' 

Tlie connections in the instniments 
are shown in Fig. 127, the fixed in- 
ductors being in electric connection 
with one terminal of the instrument through a fuse F» the needle N 
and the other |>arts of the instrument being connected to the other 
termimd through another fuse F. The instnunent is protected frctni 
daujage in the event of a discharge taking place between N and GH 
(Fig. 1 26) by very fine fuses F, F^ consisting of platinum-silver \»ire, one 
mil (0001 inch) in diameter, kept tJiut inside a glass tuW by a spring I). 
These tubes are provided with brass caps C, which make connection 
with each other through D and F. Highly insulated terminals make 
connection with N and (J (Fig. 126) by being pressed against the cups 
C at one end of the fuse tubes, and l>y (in turn) pressing the caps C at 
the other ends of these tubes against the springs B, which are in contact 
vrith the working jjarts through the wires shown in Fig. 127. A photo 
of the interior of one of these instruments, reading from 200 to 600 
lt8» with cover removed, is shown in Fig. 128. In this can be seen 
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the tvo wires connecting the left-hand ends of the apnngs B (Fig. 127) 
on to G, and the other through the spring K to the moving needle N. 
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Flo. 1ST.— Plan of Slwtxo-<Utlc Voltnwter. 



The projecting fuse tuhea can be seen to the right of the busfli, 
while the hrass terminals encased in ebonite which press against 
these are seen in Fig. 129^ which is the general view of one of the 
lateit forms (reading from 40 to 130 volts) of Ayrton and Mathers 
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Fio. 128,^lnl«nor of Blectro-vlAUc Vultiaeter. 



Efon type electro-static voltmeter. The ingtrumont is practically dead- 
in its action without any special damping arrangement, owing to 
the extreme lightness (less than 25 grains) of the moving system, and 
it is also free from creeping errors. The working parts are all highly 
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insulated and shielded from the injurious effects due to external 
electrification by being enclosed in si metal case (lide p. 21). 

The action of this and all other foriiis of electro-static voltmeters 
is as follijws : — The niuvable needle N Iteing just outride the fixed 
^juadrants iUl for the zero position of the pointer P, then on applying 
a F.D. to the terminals of the instrument the fixed and moving 
portions become oppositely charged, and the latter is attracted (against 
the controlling force) into the space between the fixed quadrants by 
an amount which increases as the P.D. applied increasea. Thus 
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we see that the action is such as to tend to make the capaci 
of the insti-ument a maximum, and this latter is the case wh< 
K is wholly inside GH. Voltmeters of the electro-static type, b; 
reason of their form of construction {vide. p. 238), possess a very small 
electro-static capacity^ which is rarely greater than about 10"'^ mfd 
and ofteuj as in the present instance, much less. 

Such instruments arc, therefore, equally accurate when used w 
either direct or alternating pressure of any i-ate of reversal. Thi^ is 
a valuable feature, but their scales are not all that one could desire, 
and are only rea<bd>]e from full-scale defiection down to about one- 
third to one-fourth of this. A further advantage lies in the fact that 
they i»ass no current continuously like a current voltmeter does, and 
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therefore they cannot affect the P.D. between the ijointa to which 
they are connecteO. 

Wattmeters. — The practical unit of electriciil power, called 
*a watt,' vr^ defined on p, 56, and aa the name implies, a wattmeter 
is an iu&trument which measures electriwd power in watts, or mul- 
tiples thereof, at any jjarticular moment of observation. For con- 
tinuous currents the employment of such an instrument presents 
no very special advantages, for it is usually the case thtit both 
the current in amperes flowing in the circuit arui the IM). in volts 
across the circuit are separately measured and noted, when the 
true power altsorbod is easily obtained by the product— amperes x volts 
— which is equal to the watts. 

With so-called alteinating currents, however, the case is entirely 
difTerent, for the amperes x volts {except in the very few cases where 
the circuit is non-inductive) is not ecpral to the liuc power in watts. 
The rciison of this cannot l»e discussed at the present stage, hut will 
be explained in detail in a later chapter ; suffice it to say now that the 
tnie power can only he measured directly by a wattmeter. The value 
of this type of instrument to the electriad engineer can therefore 
hardly be over-estimated. 

The general principles involved in the construction and action of a 
wattmeter will be understood by the reader in the description of a 
welMtnown form made by Messrs. Hartmann and Bniun, of Frank- 
fort, and supplied by Messrs. ^loul and Co., of London. 

This wattmeter works on the electro-dynamometer principle of a 

■ fixed current coil acting on a moving pressure coil. It consists (Fig. 1 30) 
^■oCa fixed main coil M which carries the main current, and is composed of 
BB^mnlter of turns of a strand of one or more Hiin copper strips (about 

J* wide). These are connected in imrallel to eliminate eddy currenta 

which woidd otherwise l>e set u[j in a strip of cnnsiderable thickness, 

_ The ends T, T of the main coil M are joined to the two terminals to be 

■ connected up in series with the main circuit. The moving pressure 
BcoiJ C is comjxised of a consideralfle numlter of turns of Una copper 
Vwire, Bilk-covered, and wound priruarily on a rectangular 'former' 

which is afterwards removed. The coil C is mounted on a hardened 

tteel arbor A or spinflle, which is jtivoted in jewelled centres (only one 

^H) of which is shown) and carries the point<n" I*, a damping disc at the 

i»nd of the extension F, and two phosphor bronze spiral hair-springs E 

«rol D, which not only serve to lead the pressure current into and out of 

he moving coil C, but also act as a torsional contiolling force. The 

ing device for producing a dead-beat motion of the moving 

lyitem consists of a light vane, carried by the extonsioo F of the 

R 
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pitinter, and moving freely in a close-fitting curved air-lwx B 
with closed ends. Tlie cushioning of the air inside B as P and F 
move gives the requisite dHmping to their motion. 

The moving coil itself has a resistance of ahout 100 ohms, a co- 
efficient of self-induction of about 0072 heavy, and a maximum 
current-carrying oApacity of 0'05 ampere. It is thus capable of ouly 

standing a pressure of 
5 vult$ at itsterminals. 
In order to be able to 
use it", and therefore 
the wattmeter on 
much higher pre*- 
Bures, it is con net-ted 
ill eerier with a high 
resistance wound with 
wire of a pnictically 
negligible temperature 
coefficient. This ex- 
tra resistance is care- 
fully wound with 
double - silk - covered 
wire, in thin layers, 
on highly insulated 
frames. It is then 
thoroughly dried at 
high temperature and varnished, especial eaie being taken to eliminate, 
as far as possible, any capacity eflect. 

In a portable form of this instrument for 20 amperes and 100 
volts, the moving coil was about jV' tbick and ^^ wide (axiaily), 
the total resistance of its circuit, including its extra series resistance, 
being 3300 ohms. The fixed thick coil was wound with al>out 40 
or 50 turns of thin copjier strip about .]" wide, the total width of the 
turnSj including the insulatiun between them, being about 1" and their 
resistance 00082 ohm. The scale S consisted of l€0 equal divisioiia 
each corresponding to 20 watts, but this constant of 20 will vary in 
different instruments depending on the number of ampere tuiiis 
produced by the two coils. A general view of a wattmeter of this 
make ie shown in Fig. 131. The action of the wattmeter will be 
readily understood from the principle sttited on p. 212, for if the lines 
of magnetic force, due to the main current passing in M> flow in one 
direction tlu'otigh the coil, and a current is sent through the moving 
coil C, such that the lines of force ilue to it flow in a nearly 
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opposite direction, then C will turn no as to tt^ntl to make the two 
Buignetic fiehis comcidii in direction through l>oth coils together. 
Now the mutual tongue between Jf and L\ or the deflecting force 
Acting on C, is proportional to the anijjere turns of M x the ampere 
turn* of C, i.e. to the current in M « the current in C, and the current 
in C is proportional to the volta^^e. Therefore the detlecting force is 
proportional to the protluct C\', i.r. to the watts expended in the 
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Fkj, 181,— Oi^neml View of llurtni.inii :i[pl nr.ian'« WattmeUr, 

circuit, and the deflection will be steady when the deflecting force tluo 
to the watta is just balanced by the controlling force due to the 
torsion of tlie springs L) and E. 

Wattmeters constnicted on the above principle belong to what 13 
the dynamometer typo of instrument, and are applicable for 
measuring electrical power in either continuous or ak€rnating current 
circuits. Their readings are independent both of the shape or form of 
variiition, and of the rate at which the alternating current repeats 
it8«if, or in technical language— of the form of current curve and the 
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periodicity of the current. Considerable care, however^ is necessAry 
in the construction of wattmetera of this tyiye in oixler that they may 
read accnrately with ulternuting currents. For instance, the induc- 
tance of the fine -wire or ine&sure circuit must be reduced to a 
mininiutn. A& little nietal-work as possible should be employed about 
the iiistruinent, in order to avoid induced cmrents being set up in the 
9&mGy and further, the temperature coefficient (p. 72) of the fine- 
wire circuit sliouhl be as small as possible. 

Another distinctive type of instruuvent met with in practice is the 
so-called Rotary Field or Indmtujn irdUmtttf% and to this must be 
added the hoi-myr type of mdtmeter suggested by Mr, M. B, Field. 

For further information, however, the reailer must refer U> a work 
dealing with this .subject by itsttlf. 

Recording Instruments. — The various types of animctei-s, volt- 
metei'B, 'Ami wuttmeteis fur the measurement of cunent, pressure, 
and power, which have been described in the preceding pjiges, merely 
indicate the momentary value f)f the thing measured. By combining 
them with a little additional mechanism, however, they can be con- 
verted into a different class of instrument, commonly termed a 
r^cor^iHy- ammeter, -voltmeter, or -wattmeter, as the case may be. 
Such instruments give a permanent record of the magnitude of what 
is being measured at any time throughout a certain period, such as 
twenty -four hours or longer. As in the ease of the fomier type of 
instrument leferred to above, and from which they are dexiveil, there 
are as many dill'erent forms working on one or other of the principles 
mentioneti on page 35 as there are manufacturers who make them. 

We shall therefore consider only one form of recording instrument^ 
Bclectefl out nf many other ei^ually good forms, as sorvitig to illustrate 
most eiisily the additional items in the construction of a recorder. 
Fig. 132 illustrates the internal view of the winking parts of a dead- 
beat moviu,i;coil permanent-magnet recording ammeter supplied by 
Messrs. H. M. tSalmony and Co., of London. The upper portion, com- 
bined with tlie low -resistance shiuit at the bottom, constitutes an 
ordinary anuuoter of the same type and principle of construction as 
that described on page 230, though not of the same make. 

An adjusUd^Ie scale, gi-inJuated in amperes, is canied by two brass 
arms supported from the magnet, and enables the instrument to be 
used, if desired, as a direct-reading ammeter. 

The extra mechanism necessary to convert the ammeter into a 
recoi'der comprises a light cyclinder or drum, driven at a desired speed 
by clockwork inside it. Against the pai>cr chart or scale vrrapjjed 
round this drum presses the ink-pen carried at the end of the pointer. 
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In the CArlier forms of recording iiistninjent the inking pen has given 
consiclemhle trouljIt% owing pjirtly to the pen l>econiing clogged with 
UMS and to the very 
light pressure of it on 
the piiper necessary to 
minimise friction and 
ohtain an accurate 
record with the small 
deflecting force avail- 
able. 

Of late, however, 
many improvemcntg 
have been made, and 
each maker has a difler- 
ent type of pen. That 
employed in the instnt 
mpnt under desrriptiori 
conftiHt^ of a revolviiig 
printing disc formed 
from two discs mounted 
on the same axis and 
pivoted in jewelled 
centres. The two dhva 
carry )>etweon them a 
recipient of porous 
material, which allows 
the ink to j>asH to their 
edges, and thus on to 
the paj>er chart in the 
requisite quutitity. This 
pen i« cjirriod at 

end of the jxtinter 

of aluminium 

whiUt the porous 

material between the 
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discs is continually moistened by ink juisdng through the jx»inter 
from a small reservoir which actmtliy carries the jx^inter. This 
emu be seen in Fig, 132, just above the spiral hair-spring. This 
form of marking arrangement has the advnnt4\ge of very little friction 
and of beings to a certain extent, independent of the roughness 
of the paper, owing to the motion being one of rolling and not 
nibbing. The ink reservoir will contain a supply of ink sufficient for 
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eight days, while the clock, which drives the drum through one 
complete r«vohition every twenty-foiir hoiirs, will also ntu for eight 
days with otio windiTig. 

Speaking generall}', the clocks of recorders iisuitlly have a well- 
made lever movement, and are capable of being accurately regulated. 
They should preferably drive the dnmi through a friction coupling, 
which prevents I he movement being strained. Recorders can be 
arranged for single • revolution charts, or with continuous runs of 
paper 65 fert long, thus giving a record in one length extending 
over a month or less according to the paper speed. This last-namfd 
is in some cases ^V', l^i »*^<^ ^'' P^r hour, and for special short-time 
records y^j^" per minute, giving one revolution in 2-t, VI, 6, and A hour? 
respectively. Some makers provide for a rate of " ji^r minute, but 
l" per hour is the U8«al rate. With long runs the paper is imwourd 
from a spool by the clock diiim, either being woimd on this or paid 
into a receptacle provided for it. 

The foregoing description will serve to show that almost anj" kind 
of instniment can l>e converted into a recording one by the addition of 
the marker and revolving drum. By means of such instruments a 
permanent record in the form of a curve is obf^ined, and the value of 
the current, j>ressure, m' power at any particular instant nn any day 
obtiiined. 

Electricity Supply Meters. — In the foregoing pages certain instru- 
ments for mc'isui'tng or indicating pressure, current, and power at any 
moment, or the HucLuation of jjuch during a given period, have been 
descrilied. We ha\e, however, yet to deal with another extremely 
important class of instrument, namidy, one for measuring the total 
guantif'/ of ehrtt-Ufti/ or total amimut of decinml f-nerrjtj given to or 
absorbed by an electric circuit. Such an instrument is briefly termed 
ikti * electricity meter,' or, bearing in mind the definition of tiuantit}^ and 
cnei'gy given on jwtges '^9 and ''^6, it is called an * integi-ating coulomb- 
meter' or 'integrating wattmeter.' This type of meter only indicates 
the total amount used, and >;ives no irubeation of the value of the 
current or power in the ciieuit at any paiticular moment. 

The evolution of successful electricity meters has occupied many 
years, and iias accompanied the growth of electric lighting. It is, 
however, more especially during tli© hist few years that {mrticular 
attention has been given to this class of instrument, which, no doubt, 
is in a large measure due to the fact being realised, that the revenue of 
an eiectncity supply undertaking is as much dependent on the accuracy 
of the meter and the system on which current is sold, as on the efficiency 
of the generating i»laijt and the care with%-hich the system of dis- 
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tribution is designed. Electricity meters in use at the present day 
are dependent for their action on one or other of the properties of 
an electric current mentioned on page ')5, those actuallj^ em ployed 
being the rhemical and eledrthmagneik properties. 

Chemical meters were the first to l>e introilueed, and have since 
been perfecteil» but they can only be used with direct currents. On 
the other hajid, electro-magnetic meters form by far the largest class, 
and can be made to work with alternating as well as with direct 
current*. It is to this class that we shall direct onr attention in the 
following pages, but si>iice will not permit of the description of more 
than two or three representative types. 

Electromagnetic electricity meters may \wi classiKctl as follows :-^ 
Without clocks : Rotary (raoti>r) and oscillating meters. 
With „ Periodic and continuous-integrating metei-s. 

We will now consider one of the latest types of roUitory or motor 
raeter known as the B.N.K. type 'Eclipse' meter, and su])plied by 
Mr. G. Bniulik, of London. The construction will be understood from 
tt reference tr» the lettered illustration of the meter (with cover 
removed) shown in Fig. 133, while the electrical circuits are shown 
diagrammatically in Fig. 134. It coasists of a main series or 'field 
magnet ' coil M^ as it is termed^ wound in a hollow cylindrical form^ 
with insulated copper wire of sufficient sixe to carry the main 
cuiTent of the circuit. Facing this, and co-axial with it, is 
another coil S, wound with a large number of turns of fine wire. 
The moving system, or armature A, a^ it is called, rotates between 
the fixed coils M and S, and consists of three oval-shaped coils 
or loojjs, wound with fine wire, and fixed to a vertical spindle with 
their planes at angles of 120^ to one another. The light steel 
spindle is mounted in a jewelled or other nearly frictiordess foot- 
and curries at the lower end a circular copper disc D, which 
Mates between the poles of a powerful |>eimanent magnet E It also 
ctrries, just under the armature coils, a small 3-part commutator C, 
conaiating of a short piece of silver tube split axially into three equal 
parts or segments, which are rigidly attached to the siiindte, but 
insalatcd from it and from one another. One end of each of the three 
IIIQUAture coils H, K, arul N (Fig. 134) is electrically connected to one 
Higment, while the remaining ends are joined t«:»gether as at O. The 
annature coils, together with the commutator, is thus one of the novel 
and, at the same time, most important parts of this meter, and, as seen, 
14 of the 'open -coil' tyjie, similar to that u«ed in the w^elt-known 
ThoiDfton-Houston arc-lighting dynamo. Tlie prf^rnvf current is led 
into and out of the rotating armature coila by two tixed light silver 
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strips or bruslieB, whicli press lightly on tlie commutator as it ruFolva, 
and are connected to tbe two terminals T, mounted on but insublwl 

from the bracket B. The upper 
portion of the spindle drives the 
registering gear It, which is really 
a very delicate revolution counter, 
the numbers of which spring into 
sight in succession, thus leaving a 
record in plain numbers which can 
be rend by any one. The temiijiftU 
of the meter are shown at 1, 2, 
and 3 in Figs, 133 and 134, 

The fine- wire coil 8 is the iAunl 
t oil of tlie meter, and is for the 
purpose of creating an initial mag- 
netic field for overcoming the 
statical friction of the moving p&rt^H 
when starting, and for regulation 
at light loads such as j^^^h fall 
load. At gi-eater loads the * regOH 
lation ' or direct proportionalitj^ 
between the readings of the meter 
and the electrical energy given tjfl 
the circuit, which it is desired to measure, is obtained by the Foucaul™ 
brake disc 1) and magnet 1% as will be explained presently. A non- 
inductive high resistance r is pennanently connected in series wi 
the annature and shunt coil for the purpose of reducing the cuire 
in this fine -wire circuit to a suitable 
strength. The resistance r being wound 
with low temperature coefficient wire 
enables the temperatvu^e coefficient of the 
whole fine-wire circuit to be reduced to 
a negligible amount (iHdt' p. 72). 

In otlier forms of motor meter con- 
structed on similar principles, the rotatin 
armature usually consists of an 8-part 
•drum' or closed-coil winding, as it is 
variously termed, combined with a com- 
mutator having an erpial number of 

sections, and each coil carries only one-half the shunt current. With 
the oimt-cvil construction employed in the meter under discussioi 
however, greater security from a breakdown of the insulation 
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obtained owing to the armature coils being coimected to the com- 
mutator in three places only. Moreover, owing to the cojj|jer 
winding on the moving armature being used to a better advantage, 
and to the whole winding carrying the full shunt current in this opon- 
coil type, the dri\'ing force is hxmi 40 to 7Q per cent greater, while the 
gauge and weight of copper winding is some 40 per cent less, and the 
senaitiveness therefore much greater. The rubliing friction between 
commutator and bi'ushes is also rednced to a minimum on account of 
the former having only three segments, thus allowing its diameter to 
be reduced to \"y or about one-half the usiial size. The effect of these 
advantages will be seen in the very small shunt current (only aliout 
0022 ampere) which flows, and the corrcspoTiding loss occurring in the 
fine-wire circuit. The loss in the copper circuits is only about 2h watts 
at full lo;ul, or about half that usually met with in this class of meter. 

The meter commences to regisU^r at about 1 per cent of its full 
rat«d capacity^ and reads to within 2h percent of correctness through- 
out a range of from 5 to 100 per cent of it^ rate«t capjicity All iron 
or other magnetic material has been carefully avoided in the con- 
struction of the armature and field coils, conseituently the magnetic 
field due to each is proportional to the current Howitag in it. Further, 
since the*4e fields alvvays occupy the same position relatively to one 
another, the driving force is proportional to the product of the field 
strengths, i.e. to the product of the armature and series-coil currents, 
hut the former is proi)ortional to the voltage and the latter U) that 
flowing in the mains. Hence the dririnrj force hi <^ to m}U >; timperr^ 
(Le. ^ntU). With, however, the small amcjunt of friction present acting 
Ipl the only retarding force, even a constant driving force would cause 
Ae speed of the armature to increase almost indefinitely. An 
additional retarding foice has therefore to be usedj which sliail increase 
proportional to speed, so that the speed may be proportional to driving 
force, ie. to the watts. This is obtained by the disc D and magnet E, 
for the Foucault or eddy currents set up by the K.M.F.'fi itubiced in the 
di»c D, of constant obtnic resistance, by it^ rotation between the poles 
of the magnet E, create a drag jiroportional to speed. Hence, at any 
instant when the driving and ret-arfling forces balance, the speed will 
be constant and proportional to the watts expended in the circuit. 

It will therefore at once be seen that the total numl>er of revolu- 
tions is a correct measure of the total electrical energy supplied, and 
the recording gear will thus represent any desired unit of energy 
(p. 58). The meter will read accurately on eitlier direct or alter- 
nating current cirem^ta of any fretjuency or jHiwer factor. 

Alternating Current Electricity Meters. — These, with two or three 
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exceptions, differ consideraHy in both construction and working 
principle from electricity meters intended for use with continuous 
currents. Tlii^ exceptions alluded to are those types of met4?]-s 
possessing a moving fine - wire pressure coil, the current through 
which is ted into and out of the coil by flexible connections or rubbing 
contacts. In such delicate appliances as meters the fnction at these 
contacts, coupled with that at the bearings of the moving system, is 
liable to and often does introduce errors at light loads when the 
driving force is small. 

The difficulty has, however, in the case of alternating currents 
been overcome in an altogether novel and modern conatniction liasLvl 
on a pnnci]de first pointed o«t by Prof, Ferraris some years ago, 
namely, that motion can be imparted to a solid comluclor (free to 
move) through the currents induced in it by a Huctuating external 
magnetic field. In this way a met^r can be made with no electrical 
connection whatever to the mo-vang system, and no rubbing contact 
other than that at the jewelled bearings which can be minimised, 
though not entirely eliminated. Such meters, commonly known as in- 
dudian tnotonmiers, are in great favour at the present day, and will only 
work with alternating currents. The primary circuit in all of them 
is fixed, while the secondary {ic, the solid conductor) rotates at a rate 
directly proportional to the fru€ pourr developed in the primary circuit. 

It will suffice here to describe one of the many forms of induction 
motor meter, namely, the ^ Bru.^h Gutrntinit^' which is one of the latest 
and is a true integrating wattmeter. It is made by the Bnish 
Electrical Engineering Company, anil the construction will he under- 
stood from a reference to Figs, ISo to 130. The line ilhistnaion 
(Fig, 135) is only an approximate representalion, so far as the general 
size, form, and disposition of parts are concerned, of the constmction 
shown liy the figures which follow. The moving system of the meter, 
which weighs only three-fourths of an ounce, consists of a thin aluminium 
disc D, which may bo termed the armature, having spiral slots (as shown 
in Fig. 13G) for the pvirpose of obtaining the highest possible driving 
force. This disc is carried on a slender steel spindle E, the lower end 
of which is turned and polished to a ball-shaped pivot, and rests in a 
jewelled (sapphire) centre, the upper end being turnerl tx> a fine spindle 
and working in a brass bearing. This latter acts more as a guiile 
than a bearing, and is adjusUible vertically by the screw-head P, there- 
by enabling the moving system to be removed for repairs if damaiicd. 

The upper portion of the spiurile 1^ carries a non-tarnishable wofni 
G {Figs. 135 and K16), which drives the recording train of toothed 
wheels and dials seen in Fig. 158. An aluminium bracket A carrier 
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E, aud also two thick wire coils 
series with the main circuit. These 




the centres for the spindle 
M, M, which are connected in 
coils M are uoiuid with 
a few turns oidy of 
thick wire on a non- 
magnetic core, so that 
pniCticftUy no iwtudice 
drop of pressure, due 
to back E.M.F. of setf- 
induclioii caused hy 
the main alternating 
current Huwing thmuiih 
M, is experienced at 
full loiul. The drop in 
pressure duo to the re- 
sistance of the series 
coils is about 0*25 volt 
in small mt'ters, and less 
in those for larger cur- 
rents, while permanent 
overloads of oO ptT cent 
ortempi:»raryones of 1 00 
j)er cent are perraiasiblc. 
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circuit HH, seen pluinly in Figs. 137 and 139, and consiating of a 
number of atam pings out of thin sheet charcoal -iron clamped side 
by side. It is energised by a coil V wound, according to the voU^age 
of the circuit, with a large number of turns of fine copper wire, in 
order to have as much self-induction as possible. It is connected as a 
shunt acroi?!? the circuit or mains which are distributing the power, and 
the loss in it varies from 5 to 3 watts, dcpcTiding on the voltage and 
periodicity of the circuit. The laminated iron circuit H contains two 
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Piu, lar,— 51 agiieUc Circuit or B.<;. Mvl^r. 

air-gape, one between K, K, in which the disc D rotates (seen in Figs. 
137 and 139), and a much narrower gap between K, 11, seen only in 
Fig. 137. This last-named gap is covered by a heavy copper band B 
(Figs. 135 and 137), the ends of which do not fjuitc moctj as shown at 
y, thus breaking the continuity of the band. This for clearness ia 
shown in Fig. 135 at the side, but is aetujdly on the underside of H. 

Each end of B carries a brass connecting block with a hole in it> 
and a loop of iron or copper wire W is passed thrniigh these hole^ and 
clamped by setsctewsi (just seen in Figs, 137 and 139), thus completing 
the electrical circuit through 15. When, therefore, the magnetic 
circuit H is energised so that the magnetic Held alternates in 
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direction between R, K, a secondary KM.F. and eurrent (p. 183) 
will be induced in the closed electrical circuit formed by B and 
W. This current is iidjusted to Biich a strength by clamping W 
in a suitabie position, thereby adjusting the resistance, that it reacts 
upon tbe shunt field between R, R just enough lu cause it tn be 
in quadrature with the impressed E.M.F. of the mains at the 




Fut. las,— Oeii«™l Side M-e'W of ll.ti. Meter, 

»rhiinal8 of V. Thus the tnoditied nmgnetic field between K, K 
induces secondary currents in the disc 1>, which, whini acted upon by 
the field between M, M, causes the disc to rotate at a speed proportional 
ia the true power given to the circuit with a euital>lo control or bralce. 
The loop W w re^illy the adjiistment for the rate of reversal of tbe 
ultertuiting current, and is long enough to adjust for any rate between 
00 and 133 complete cycles per second. A screw L, when miscd or 
lowered^ actuates the adjustment C for maintaining at light loads the 
proportion between speed and power measured, which would otherwise 
be thrown out by the friction at the moving pivots. 
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Now in order that the speed of the disc D may be directly 
proportional to the driving torque, t.*?, to the true power iu watte given 
to the circuit, some retarding force on D must be introduced n 
shall increase in direct proportion to the speeil. Without such a bral 
and with only the small amount of friction at the pivots, the speed 




Kib, 13IL»,— Geti'ural Fn«it \U'V, <j( B.O. Meter. 

I) would increase almost indefinitely, even though the driving torcjue 
remained constant. The brake consists of the combination of the disc 
D with a jK>werfnl permanent magnet which is carefully treated and 
'aged,' so as to i^emain as constant in strength with time as po8sibli|^| 
This magnet is shown in Figs, 135 and 138, and the disc D rotates^^ 
lietween its two pole« N S as seen. Now as the disc rotates, by the^^ , 
principle mentioned on pagt? 193, an K.M,F. and eddy or Foucau]||^| 
currents will be induced in it, which, acting on the constant resistancft^^ 
of the disc, will pioduce a retardation {vkfe p. 249) ])i'oportional to the 
speed* The moving system will consequently attain a constant speed 
when the driving and resisting forces Italance, and then the watts wi 
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be proportional to speed. The number f)f revolutions of D is recorded 
by a delicate train of tooth-wheels driven by the worm G, and the 
dials of the ti';ii(i can therefore be graduated in B.O/r. units, watt- 
hovu's, or kilowHtt-hourtj. 

The rea<:ling8 of the meter are given as being true within 2 per cent 
from sLirting loa<l (which is very small, and varies with the capacity 
of the meter) to 50 per cent 
overload for meters up to 50 am- 
peres, and in larger sizes within 
3 per cent from starting to 25 
per cent overload, while changes 
of t^mpei-atnre between 40' F. 
and 120" F, have no appreciable 
efTect on the accuracy. Meters 
for currents exceeding 100 am- 
peres are worked in conjunction 
with a current or series trans- 
former, which reduces the current 
in the series coils of the meter 
itself to 5 amperes. On the 
other hand, a potential trans- 
former is used with meters for 
pressures exceeding 250 volts. 
Figs. 140 and 141 show respec- 
tively the arrangennMvt of con- 
nections to 2- wire circuits, when 
xeries and jtokntUd transformers 
are employed. The arrange- 
ment of connections for measur- 
ing the power given to a 3-wire 
single -phase circuit for currents 
transformer, is shown in Fig. 142. 

Measurement of Insulation Resistance. — This has been 
accomplished in the past almost entirely with the aid uf the so-called 
*ohmmet«r/ or by a ]iortable and compact collection f>f apparatus 
usually termed an * insulation testing set,' Leaving mit of cun- 
sideration for the present the source of pressure, some kind of which 
is necessary in every case, the ohm meter is an instrument which, by 
the deflection of itj* jjointer on the scale, directly indicates the 
iniiilation or other resistance connected to its terminals. Proljably 
the most widely used and Iwjst known form is the Evershed 
ohmmeter, a description of which will be found in nearly all 
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electrical engineoring U^xt-books. Of the other means for measuring 
insulation resistance there are many ditlerent makes, differiBg some- 
what in form and arrangement, but all working on the same principle, 
namely, that termed the dirfxt drjhdum mdhoiL Prohably the best 
known is that commonly called the Silvcriawn porUible testiiiff stt ; and 
when a tolerably high degree of accuracy is required, such 'sets' 
may i»referal>ly be UBeil, though more euro and experience is required 



Fm. 141.— CajuuwHoii iIiitjukH Potential Tmrutrornwr to 2- Wins Mit(n«. 

in their manipulation owing to them not being direct-reading. As 
both the instruments above mentioned, together with the method 
of using them^ are fully descnhed in Elechical Engiiwering J'esiin^ 
by the author, it is not proposed to give a repetition hero. 

We shall therefore confine ourselves to the description of a new 
dep*u*tn!"e in testing sets, known as the Etrrett-EdiKttmhg dlred-rMditi^ 
imskmoi and iuitdidhm indimhr. It is now general ly acknowledged 
that the Whcatstone- bridge method of measiu^ing resistance^ p. 9l» 
when properly ajiplied, is one of the most accurate for the purpose, 
Messrs. Everett, E^lgcumhe, and Co., of London, have designed 
the present indicator, wdiich not only works on the Wheatstone^bridgo 
principle, but is direct -reading in ohms or megohms, and is both 
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compact and potlable. A general Wew of the indicator set, complete, 
with generator (on the right), is shown in Fig. 143, while a diagram- 
matic §.ketch of the electricul connections, and also an internal view 
of the indicator itself, is given in Figs. 144 and 145 respectively. 
The indicjitor seen to the left of Fig. 144 comprises a specially 
arranged high-resistance slide-wire W corresponding to the Btretchcd 




TRANSFORMCR 



TO 



UOAD 



FUK U^— OomioctioD to 8> Wire li«iaa. 



Wire of a •metre hridge' (p, 92). In order that this slide-wire W 
maj have a high resisUnce, say 10,000 ohms, it is formed of silk-covered 
high-re«istaricc wire wound closely in one hiyer round a stiff rect- 
angular card about 12" x 5", which is afterwards iK'Ut round a rigid 
drum about 4" diameter and 5" long. The outside surface of the 
drum is thus covered with wire, the turnis being piirallel to its axis, as 
in the ordinary * Wirt rheostats.' 

In bincling the wire-wound card on, a narrow strip is left un- 
covered, and the insulation being removed from the wires at this 
position, electric;*! contact can I.hj made with any turn right ronnd the 
circumference of the drum. A contact at the end of an arm A moves 
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round this bared atrip of the turns through a circumferential distajice 
of about 1 2", thus making contact with any one as at D, and hence 
with a very large number of equally spaced points throughout the 
10,000 ohms of slide- wire between G and E. This contact is fixed 




Pk;. 143.~GftUiint.l view of Bvenstt^Sdgcutubti nuUcntor But. 

to a central axle carrying a milled head V at the top, by which it 
be turned. It is also provided with u pointer moving over a scale, 
gradmited as to read direct in ohms or megohms as desired. 

In order to reduce the standard known resistances r of the bridge 
to a convenient value, a considerable idle resistance R, wound on a 
bobbin, is inserted in series with the slide-wire GWX, so that tliin 
latter only represents a small portion of the two variable arms DWX 
and DlJItJ!^ of the bridge. The standard resistances r are connect 
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to a multiple-way key B, three being provided in insulaUon 
having a range of observation from 10,000 ohms to fjO megohms, n 
five in resistance sets having a vmn^Q from /^ ohm to 11,000 ohr 
For an iiiBtrument reading up to 50 megohms, r would be made 
= 10,000 ohms, while R would be 100,000 ohms. For the measure- 
ment of smailer resistiinces from ^(^ to 1 1 ,000 ohms, the scale is opent 
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out by inserting an idle resistdnee at each end X and G of the slide- 
wire W. The galvanometer, which is also contained in the same case, 
is an importijit feature of this set, in that there are no pivots, and 
no levelling is needed other than phicing the case on a floor or table, 
A D'Arsonval (moving-coil) galvanometer (iiffr p. 2H) is used, and 
consists of a small rmmd coil C capaVile of turning in the eircular 
air-gap between the polepiecea N, S of the permanent magnet M and 
the central soft-iron arraatwie. The eoil C carries a pointer P, the 
motion of which on an index scale I can be seen through a small 
cover-hole H in the top. The coil and pointer are suspended 



fm. I4i5. — lHt«^niftl Viitw of Kvifrvtl'Bdgcaiiibe Indlcntor. 



from a brass milled nut 'V hy a spiral suspension, which acts as a 
spring and so prevents ttamage to the coil l»y rough setting down. 
The pointer can be adjusted to zero by turning T. The galvan- 
ometer key K is in the centre of the ebonite milled head Y, and can 
l>e pressed by the hand which actuates V. 

To take a measurement of resi.st«ance, the resistance to be deter- 
mined is connected to terminals L and K ; or, if this js the insulation 
resistance of the wiring of a building, the copper core of one of the 
wires is joined to L, anrl E is connected to the nearest gas or water 
pipe so as to obtain a gooil 'earth/ A suitable source of K.M.F., 
at least as great as what the inst,'dIation will eventually work at, 
is joined to terminals ^ and - , an<l r is set to a suitable stsindard 
resistance. A (toRition is then found for the ebonite milled head 
V, so that on pressing the key K no motion of the galvanometer 
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pointer P is observed. The value of the resistance is that shown 
on the dial opposite the pointer of the indicator. The scale of 
the indicator is shown in Fig* 146, from which the extreme ojien- 
neas of it can be 8een, and also that the maximum reading is 
eleven times the minimum. The outer scale, which is 12" long, 




Fu;. HC.— Sca:»» of £verftt-E<]gcutiiL«i luilicalor. 

ranges from 1 to 50 megohms, while the two remaining ranges of 
the instrument are 10,000 to 500,000 and jV to 5 megohms. For 
insulation measurements a magneto- generator is supjilied, giving 100, 
200, or 500 volts as desired. Particular care has been taken 
with the design of the brushes (which are plumbago rods) and the' 
commutator, which is of a special ring form to minimise sparking, 
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friction, and wear. The spindle runs in ball bearings, and is con- 
secjuently very easy to turn. 

The indicator^ being quite unaifectod by external nwignetic fielrls, 
be used close to a dynamo or its own generator without th*' 
igs Wing affected. Furthermore, it is quite immaterial a.s to 
which way the generator is tinned The inner scale of Fig. 14G 
use when measuring resistances from -jV ohm to 11,000 
in the case of the lower resistance indicators, and does 
for the five ranges. If this scale is 12" lonp, the total range of -j^^ 
to 11,000 is read off on a scale having the equivalent length of 
a feet. From a reference to page iU et i^eq.^ it will be understood 
that the indications are unaffected by the voltage, ihough the test 
Hecomeii more sensitive as the voltage is inereased. A pressure of 
200 volts is found <|uite sufficieui for ordinary insulation work ; and 
when greitt accuracy is desired, as with street mains, where the 
€4ipacity is usually large, a batter}' of primary or secondary cells 
(prefembly the latter) is better than the usual generator. For 
ordinary resistance testing, say from ^^ to 1 1,<H)0 ohms, two or three 
L^lanchc cells are ample. 

Maximum Demand Indicators. — These are instruments of modern 
origin which have been introduced in connection with the supply of 
electrical energy for public purposes with the object of enabling both 
large and small consumers to be charge*! on au equitable l>asis. The 
manner in which the demand indicator is usfd arises fi'om what is 
commonly known as the nutjrinufm tfrntamf system, the principle 

which is to charge every customer in proportion to what it costs 
to supply him, plus a reasonable profit. Ex[>erience has shown that 

le customers are very much more pr<itit!ible that* others to an 

jtricity supply undertaking, no matter what piice may be charged 
per unit. Thus, the consumer who uses his lamps for a considerable 
number of hours daily throtighont the 24, is usually a much more 
profiUibie customer to the sup))!}' comjjany than one who takes exactly 
the same nraount of electrical energ)- in a much shorter period of the 
24 hours. A small customer paying a small bill may in this way be 
more profitable than a large customer p;iying a large bill. The late 
Dr. John Ho[)kinson was one of the first to point this out, the reason 
being that, while the meters of iKjth consumers might re^ul the same 

any given pcriotl, the cost of supplying a given amount of electrical 

rgy for a given time, say 10 hours, is much less than ten times the 
of supplying that same amuunt for 1 hour. 

The reader will at once realise that if all the customers had all 
their lamps ' w* ' at the same time for any period of the day, the 
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supply station would bave to be much larger, and therefore much 
more capital would have to be expended on it, than if the same 
amount of electrical energy was supplied over a much longer period 
Hence the proportion of eapitjil expende<i for which each customer 
is responsible does not. depend oti the total amount consumed, but on 
the maximum amount at any one time, i.e. on his nw^mum demand. 
For all customers to be treated e<|ually fairly, the one who haa the 
greatest maximum demand should pay more per unit than one wh<:»6e 
maximum demand is less. In practice, therefore, the method adopted 
is as follows r — The m.(f.rimitm demand of the customer, or the greatest 
iimrnint of electrical energy whicli he takes at one time, is measured 
by what is called a maximum deimmd indicator or refmte indieatvr, 
as it is variously termed, which is inst^illed in addition to the ordinary 
meter. He is then chargal the full rate per unit for a certain number 
of units out of the total number consumed during any given period, 
the remainder being Bubject to a very large discount or rebate. The 
first charge covers the dandhitj expenses of the station ; the second one, 
after rebatement, covers the rumiing expenses, which are a small 
fmction of the whole. Besides having to be a tyi>e of registering 
ammeter, the demand indicator must, to a sufficient extent, be 
aluggieh in its action, Lf\ it should take no notice of a auddcn momen- 
tary rise of current lasting a minute or so, and due perhaps to a 
batch of lamps being turned on just before, instead of just after, 
another batch is turned off. 

Since an appreciable amount of energy is absorbed in the instru- 
ment on account of the addition of a registering device in some crises, 
the dedrO'inagueiic (moving soft-iron core) and ihermid principles lend 
themselves to the construction of demand indicators. 

We may now describe one form of instrument made by the 
Schattner Electricity Meter Company which has been approved by the 
Board of Trade, namely, the Atkinson Schattner Maximum Demand 
Indicator. Tlie construction of this i.-? very simple, and will be under 
stood from a reference to Figs. 147 and 149. It consieta of a rather 
special form of ammeter of the electro-magnetic moving soft-iron 
core type, reading direct in amperes and to which is added a 
registering device that in no way ailects the action of the instriu 
meat other than very slightly incrcjising the friction at the pivots, 
due to a slight increase of weight on them. The ammeter portion 
comprises a curved soft-iron plunger or core HI, well laminated by 
being built up of a number of cur\'od, thin soft -iron strips riveted 
together as indicated, the core gratlually increasing in thickness 
towards the end H. This tends to make the pull as uniform as 
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|M)68ib1e throughout the range. This is indiaited in the curve, 
Fig. 148, taken from n lO-ampet'e indicator of an early constmction. 
This core is carried at the end of an aluminium arm F pivoted on a 
horizontal spindle running in jewelled centres which are carried by 
the bnicket arm I). This arra F is expanded above the centre into 
AH aluminium sector frame. The core HI is capable of being sucked 
into a curved solenoid C, wound with insulated copper wire sufficiently 




Pio. 147.^ — Prtnclp'le of U)« AtkiQHOU-Schattner Moxiumin Di^uuukI Imlicjitor 

thick to carry the main current, and supported on an insulating block 
G, which also carries the brass terminal blocks T. 

The registering device consists of a light but fuirly rigid sector 
card A engraved with the scde S of iim|ieres at the top, and 
lug a curved glass tube RL terminating in the straight limb LM 
and leg ME. A pointer P is fixed to the containing-case of the indicator, 
and shows the current corresponding to the deflection of the scale 
and moWng system ugainst the controlling force of gravity. A l>alance- 
weight B, which can be screwed out or in, serves as an adjustment for 
the position of the moving system at the outset. The registering tube 
RLM contains about twenty steel balls, each al>out y*^' in diameter, 
and is filled with a viscous liquid, such em glycerine or oil, thi-ough 
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which the balls can move slowly. Since the highest point of the tu 
RL lies in the vertical line zy, any ball {e.g, K) to the right-hand si 
of Xi/f as HI is Slicked into C by increase of current, begins to 
down toward M. Consequently the maximum current which 
jrnssed, since the instrument was last set, is indicated by the number of 
bulls which ha\c loft the bend RL and eollected in the limb LM. 
The minimum time of action of the tube is about two minutes, which is 
sufficient to prevent any of the balls rolling down due to a short- 
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circuit, \^b^ation, or momentary increase in the amount of currefn 
taken. 

The actuating principle employed, however, prevents a uniformly 
graduated scale being obtained, and, furthermore, every tmll does not 
represent either a definite current or the s^irao increment of current. A 
calibration tiible J therefore occupies the vacant space on A, having in 
the first column, number 0/ Intlls ibnm ; second column, corresponding 
current in amperes ; third column, number of units to be consumed 
before the lower rate of charging comes into force. This is showD 
in Fig. 14t», which is taken from a photogi-apb of one of the latest 
forms of instrument, having a capacity for 5 amperes. In order 
to avoid wasting the meter-reader's time in resetting the indicator 
by waiting for the balls to slowly return from ML to the curved 
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I tube RL, a duplicate scale card and tube is hung upside down on 
I the inside of the door. This resets iUelf at leisure, and is always 
I ready to replace the one in use at any time. Each instrument h inde- 
pendently ciilibmted and tested for either direct or alternating^ cun-ents, 
and Is made for any current from '2h to 1000 amperes. The voltage 
of the circuit of course merely affects the amount of insulation to be 
provided for in the electrical portions T and C of the indicator. 

The rpgistering tube has to be most carefully made, especially the 
jMirt RL, which is separately shaped very gradually inside a mutHe 
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flirniUre to insure perfect symmetry and ahgence of straight portions. 
It is then joined to the rest of the tulje LME, and after the insertion 
of twenty steel balls, is exhausted of air by an air-pump. It is next 
opened at the end E under oil or glycerine^, etc., which is thus forced 
into the tube. A little bubble of air is left at end E to avoid the 
fracture of the tube from tlie expatj.sion of the liquid due to rise of 
temperature. Owing to the cost of snppiy and other conditions 
varying in different towns, the rebate scale to be entered at J varie?, 
but any scale can be entered without Iti any way alTecting the instiu 
mcnt. Usually a rebate is allowed after a consumption equal to that 
of alK>ut one hour's use per day during any quarter of the maxiinum 
current rejiiiatcred. This is about 91 hours per quarter, but a 
round number of 100 is atlupted usually. If uoxv the price per 
unit he 6d., then a system of rebate which would commend itself 
would be 6d. for the first 100 horn's" consumption at the maximum 
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rate of demand, 4d. for the next 100 houra, and 2d. afler- 
wards, and this %vouId merely necessita^te an additional column in 

the tjihle J. Space will not permit 
of further discussion on the uses of 
the demand indicator ; suffice it tx) 
say that the introduction of the 
maximum demand system of charging 
for electrical energy is greatly help- 
ing to stimulate the sale and use of 
this most important agent. 

Frequency Indicators. — These 
are instruments intended for use 
with allernnting currents only ; in 
fact, they ^nll not work with con- 
tinuous currents, even if tliere is 
any object in using them with such. 
There are many instances in which 
it is highly desirable, and in others 
necessary, to know the rate at which 
an alternating current reverses, «.<•. 
the ?i umber of complete cycles per 
second, which is called the fmfnencjf 
or peiioduiif/ of the alternating current. 

There ia more than one form of instrumenl for indicating frequencies, 
but we shall confine ourselves here to thai designed and made by 
the British Westinghouse Electric and Manufacturing Company, of 
London, etc. A diagrammatic sketch of the working parts of this 
Westinghouse frequency meter is shown in Fig. 150, white its con- 
riectitms to the circuit, together with a general view of the instrument, 
are giv^n in Figs. 151 and 152 respectively. It consists of two 
well- laminated magnetic circuits iMj, M,^ built up of rectangular 
stampings out of the finest Swedish soft annealed charcoal-iron sheet. 
A narrow gap is formed in one of the sides of each stamping, so 
that when they are lightly insulated on one face and assembled side 
by side to the required width there is a narrow air-gap (G) or 
break in ejicb of the laminated magnetic iron circuits M, and M^. 
The longer of the two polar limbs of both Mj and M^ is wound ^nth 
a coil (C^ or VJ of fine insulated copper wire, the ends of which 
arc connected to the terminals T of the instrument as shown 
(Fig. 150). 

The moving system consists of a thin aluminium disc D of rather 
peculiar shape, carried, together with a light jwinter P, on a horizontal 
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spindle wbich mns in jewelled centres. This moving system is very 
CArefiilly balanced so as to rest in anj^ position, arui no form of control 
whatever is employed with it. It is capable of moving freely through 
the narrow air-gaps G of M^ M.„ the poles of which just embrace the 
outermoBt surface of the disc. A series resiatiince-box B \h supplied 
with the instrument, and contains an ijitltiriive resistance L and 
a non-imludivr resistance R connected as shown. It will now be 
teen that between the two wires W which connect the whole 
arrangement to the mains, the frequency of the current in which 
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is desired, there are two circuits in parallel, namely, L and coi! 
C, m parallel with R and coil C.,. But C, and C.> being similar coils 
and L inductive, an increase in frej|uency will cause a diminution of 
the current strength in the branch lA\, and therefore a diminution in 
the magnetic fit^ld in the air-gap of M,. Moreover, the current in 
branch LC^ will lag in phase more than that in RC.^ l>ehin*l the E.M.F. 
at the ends of the p*irallel circuit. Consequently the electro-magnets 
Mj, M,, tend, l»y reason of the currents which they induce in D 
(j>. 193) and the phase ditferences of these currents, to cause the disc 
D to rotate in opposite directions. The disc D and its pointer P 
therefore come to rest when these opposing forces just balance one 
another. 

But any change of frequency will, by alteration of the currents 
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in the branches, as we have seen, alter the relative values of tli<! 
torques due to Mj, M,„ so that the diac D will move to some new 
position where the forces again balance. Hence the scale diWsioiw 
can be made to represent frequency or periods per second, and, iis 
will be seen from Fig. 152, are fairly open. The connections between 

indicator and resistance-box must 
be made exactly as shown in Fig. 
151 ; while for circuit® having a 
higher voltage than 100 to 125 :t 
pressure - reducing transformer is 
used which reduces that of the 
mains to the value needed for the 
indicator. The makers calibrate 
all their standard frequency indi- 
cators on mains supplied from a 
generjitor htt\nng a slotted iirma- 
ture ; when, therefore, the instni- 
ment is used on a circuit having 
another nxive-forvi, the indications 
vrill not be correct, and a riMjali- 
bration is necessary. The foregoing description of the principle of 
action of this frequency indicator will no doubt be more easily un- 
dei-stood after the reader has studied the theory of alternating 
currents. 

Power- Factor Indicators — Phasemeters. — These are 8{)ecia] 
instmments for use with alternating currents only, and in dealing with 
them at this stage it is assumed that the reader has made liimself 
familiar with the principles and terms relating to akernating-current 
work. As he will have seen, the fluctuation of pressure and current is 
not oidy alternating in direction, but each takes the form of a wave- 
curve by means of which the instantaneous values of pressure and 
current can be obtaine<l at any moment of the cycle or period of 
variation. It is only when the circiiit through which the current flows 
possesses neither self-induction nor capacity, or, in other words, is non- 
inductive, that the pressure and current waves coincide in their points 
of minima and times of maxima. Under these circumstances the 
current is said to be 'in pha^e' with the pressure, and the true or 
ei'ective power expended in the circuit will be the amperes h volts, 
while the * ptmer factor^ is said to be L If, however, the circuit is 
inductive, the current wave is either fltsplaced behind, or in front of, 
the E.M.F. wave {depending on whether the circiut possesses self- 
induction or capacity in preponderance) by a certain amount known 
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as the phase diiference aiid given hy the aijgiilar distance along 
the hn&e line between their succeeding puinls of minima. The 
pixKiuct amperes x \oUs ib now termed the apparfid j>oiver^ while 
the true jwicer can only be indicated by a wattmeter. The ratio 

^S^, ^ = cosine a, or the power factor which under such conditions 

is always less than 1, while a is the angle of pha&e di^'erence. 

Self-induction tends to cause the current to htrf behind, and cajmcity 
tends to make it lead in front of, the pressure. The current, as 
indicated on an ammeter with these conditions^ is the resultant of the 
had current which is in phase with the E.M.F. and does useful work in 





l''i<i. li.t. — liiL«noi- of EvprBtl-EilKcninbr Powi-r-Factor loclieator. 



ie circuit, and of the ifffe or u'ntt}f!s.s nmrnf which is dead out of ]>hase 
with the E.M-F. and does no useful work in the circuit. From the 
foregoing brief explanation it will be ob\ious that an instrument 
capiible of indicating either power factor or phaiae difference will 
give an indirect measure of the f>ther quantity. There are several 
forms of power-factor indiciitors which belong to one or other of two 
tyj)e«s namely — instruments indicating merely the wattless cora|KJnent 
of the whole current which is flowing in the circuit; and instruments 
indicating the actual power factor or angle of phase difference between 
amperes and volts, 

\Ve will no^v' consider one of the last-named type, devisetl and 
jc by Messrs. Everett, Edgcurabe, and Co., of London. Fig. 153 is 
ft view of the interior, showing one of the current coils removed in 
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Current Transformer 




Voltag:c Trantfonner 



Fio. IM.— litiiKTOni of CutincNL-tluQ tot Bttliinc<'<l Lewi. 



order to enable the moving-coil system to be seen. In the caae of a 

balanced three-phnse circuit, tbe inBlrument consists of a fixedcurrenl 
coil, in two halves as shown, which is inserted in one of the mms. 
The moving system comprises three line-wire or pressure coils fixed, 

with their roiignetic 
axes (vide p. 1 3 1 ) &t ar 
angle of 120' to one 
another, to a spindle 
which also carries the 
pointer and is pivoted 
in jewelled bearinge. 
Electrical connection is 
made to the three preij^ 
sure terminals of the 
indicator from one end 
of each of the three 
moving coils through 
the medium of thret* 
fine phosphor bronze 
hair-springs. The remaining three ends aie joined together and form 
A neutral point. Thus the moving system somewhat resembles the 
armature of a Thomson -Houston arc-light dynamo, or that of the 
meter described on pajL^e 24S, 

A rotating magnetic field is thus produced, and the moving system 
will turn so as to set itself in such a position that, at the moment 
when t!je current in the fixed coil re»\ebes its maximum value, the 
magnetic field due to the moving system lies along its tliameter. Th^^ 
Held will rotate in one direction or the opiwsite, depending on whethelH 
the current leaJji m front of, or Iikj'^ behind, the E.M.F., if. on whether 
capacity or Relf-induction predominates m the circuit. Thus tha 
pointer by its direction of rotation will indicate this, and also th 
magnitude by the angular deflection. 

In the case of an unlialanced system, three fixed coils are employ 
also, set at an angle of 120 to each other; one being supplie<1, eith 
directly or through series transformers, from each main. A similarly 
constructed moving system to that described above moves inside 
these three current coils and takes up a position correspoiKJing 
the (iveraye power factor of the whole system. By the insertion 
plugs so arranged as to short-circuit any two of the current coils, 
average power factor of the phase containing the remaining coil 
be indicated. For high-tension systems, transformers nre employed 
both in connection with the volt or moving coils and also with the 
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current or fixed coils. The arrangements for connecting a three- 
phase power- factor indicator in balanced and unbalanced circuits are 
showTi in Figs. 154 and 155, The moving coils are sometimes 
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Fio. T.Vl- [Ji*Knim of <;uiiii<«otioii f<br UubalanctMi IxiMl. 

connected to the three mains through a series-coil resistance -box ^ as 
is shown iti Fig. 155, Fig. lAO shows the geneml appearance of this 
make of instrnment, which has the adv^untiij^e that its indications are 
independent, not only of the voltage of the supply mains, but also 
of the ft€fpt€Mt) and w<trt>-forni. Tliis is a unique feature, as the usual 
construction of instruments of this kind, in which a phase difl'erence 
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Flo. I6<^.— aeaenl View of t'owcr^Fjictor Indicator. 



is produced by means of an inductive or a non-inductive reaistance, 
ia, of course, only accurate at one particular frequency and wave-form. 
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Eleetrleal Thermometers^Pyroraeiers.— Inci*easing attention 
being given by mamifactiirers at the present day to the 
measurement of high temperatures in commercial procossea 
importaiiee of such measiiremenls is becoming more and more apparent 
especially in engineering and kindred trades, and manufacturers ju*] 
beginning to realise this. The inapplicability of the ordinary me^] 
.curial thermonieUT to the iHeJusuremenb of even mediumly hio 
temperatures is well known. This has k-d to the introduction of wl 
may be termed metallic fhertnomcters, the principle of which is lo obt 
II measure of the temperature by the corresponding thermal exp 
or contraction of one or more solid metals arranged in some convenient 
form. Although such thermometers can generally be used for measuring 
higher tempenitures than a mercurial thermometer could V>eHr, they 
cannot be used for measuring the temperature of many furnaces, owing 
to the certainty of fusing the metals employed in their constrnetioa 
Thermometers for measuring very high temperatures have i-eceived tht 
name of pifwnicfr/\<. 

The importance of such inslriimenla vvjis evidently realised some 
years ago, for Brotigniart, of the i»orcelain factory at Sevres, and 
Wcdgn'ood, the famous jKitter, Uuh attcmipted the construction <•! 
pyrometers : the former by magnifying the expansion of a long iron 
liar plact'd in the furnace, the latter by constructing a gauge for 
measuring the expansion and contraction of a piece of baked clay 
placed in the furnace. None of these attempts gave consistent residt*, 
and the air tlwrinfnncter had to be fallen back on for very high temiwra- 
tnres. lieceni years have, hoivever, witnessed the introduction of the 
so-called tltTtrkal pifrometrr, which can be used to measure low, medium, 
or high temperatures up to I GOO C and over without any trouble^ 
ami, as a general rule, vrilh an accuracy to something like 5^ with 
care. It is almost superfluous to point out the greut future before an 
instrument of this kind with such a range and tlegi-ee of accuracy, and 
in vit?w of the fact that if necessary the indicating portion may be 
placefl as far away from the tbermumeter portion as desired, 

A few instances of its use may, however, be instructive ; for 
example; In the maintenance of constant temperature in the 
various ro<j>ms of Oild-itoiwfe and other warehouses (range - 10 to 
10" C, i.e. 14 to bO F,). It* the wards of hospitals which are 
heated by hot water, steam, or the * plenum " air system (range, to 
20' C, i.e, 32 ' to 68 F.). In breweries, for controlling the tempera- 
ture of the mash-tuna or keeves, recording the temperature of the 
uwf ant] the cold hop stijres. In chemical works, for measuring the 
temperature of 'stills' and 'vats,' etc. In other industries, 
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rly thoec connected with iron, steel, gbiss, pottery, tile, brick, gas, 
gnlvanising, and steam -prfKiucing appliances, the question of tempera- 
tare is of supreme importance. In some of these, temperatures of 
2700^ F. and over arc reached, and the vanation of a few degrees, 
notably in connection with anneivling furnaces and the metallurgy of 
iron and steel, at certain critical stages^ may be fatal to the success of 
the process and cause considerable loss. The accurate measurement of 
temperature in steam boilers, superheaters, flues, desti uctor.s, etc., 

niot help but lead to increased efficiency througii localisation of 
imste. Having now given the reader an idea of the importance of 
electric thermometers or pyrometers in all kinds of commercial work, 
we will next turn to their coTistniction. 

There are two distinct types, ditiering chiefly in the principle on 
which the measurement is made, Damely : (1) thrrmo-eledric ptjr- 
imeUm, which depend for their action on the current genenitod by 
Seating a thei-mo-couple up to the tempemture that it is desired to 
measure (mlf: p. 385); {"2) ehrtrictd-rt'sistaiice thernmmeterSj or thoj>ie 
indicating temperature by means of the corresponding alteration in 
the electrical resistance of a coil of wire (ride p. 72). The fonner 
type, although not so accurate as the latter, is much more suitable for 
measuring high temperatures up to 1600*^ C (2900 F.), such as 
those met with in bhtst and puddling furnaces, smelting, pottery and 
glass works, and is less costly. For this rcast]n they are preferable 
in eases where there ia a great risk of damaging a thermometer, but on 
the other hand they require more frequent standardising than the 
^resistance' type. The thermo-electnc pyrometer comprises a thermo- 
electric couple consisting of a wire made of a platinum alloy containing 
rho^lium, nickel, or iridituii and a pure platinimi wire, melted together 
atone end. This junclioii, and frum 1 Lo 6 feet (depeiHlirig on require- 
ments) of c^ch wire, either side of the junction, is enwised in a thermo- 
metertul>e of special eonstruclion, and the two free ends brought out 
lii two terminals at one end in such a way that the measurements are 
unalfected by any ordinary rise of temperature at this end. The other 
end of the tube, at which the juudvm is situated, is expose<^l, and 
hence also the junction itself, Uj the tenq>eiat«ire to be measured. 
The special tube ditfer-s in construction acconlirig to the maker, Ijut 
in all ttiaes the object of it is to insulate the wires from wich other 
and protect ihera from mechanical injiuy and the chemical action of 
any lines or gases. 

The form of construction adopted by Messrs. liarimann and Biaun, 
of Frankfort on-Main, is shown in Fig. l.'»7, and consists of an outer fire- 
proof tul>e composed of several short lengths, each having two small 

T 
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holes through from end to end, one on either side o( a 
larger central hole. These short lengths are threaded 
to the desired length over a central metal tulx?^ wbich, 
for temperatures up t-o 1000" C, is made of special 
fiteel, and abo%'e 1000' C. of plntinura, for the leuath 
that jjrojects into the furnace. The lengths are uwler 
a constant compression obtained by means of a spring 
and cliimping-niit at the terminal end, and the win» 
|mss through the two lines of small holes, which 
register with one another The curreTit pro<lurod W 
the E.M.F. set up in the thermo-couple, and which is 
a measure of the temperature to which it is heaWl, 
is in all makes indic^ited on a sensitive high-resistantt 
moving-coil permanent-magnet voltmeter {vide p. 230) 
having its scale gniduated in degrees of teinpcraturc 
Owing to \U high resistance, it can be used some 
distance away from the pyrometer without the i-esist- 
ance of the connecting wires or the variation of tem- 
perature of the voltmeter introducing any error. 

Electrical - Resistance Thermometers. — Turning 
next to this type of instrument, which is not suitable 
for tempemtures exceeding about 700 C. It consists 
of a fine platinum wire, which may be termed the 
bulb of the thermometer, wound on an incombustible 
but insulating frame, usually nuca, and phiceii in a 
porcelain or metal protecting tube, according to the 
temperature to be measured. Either copjier or platinum 
* leading out wires ' connect the fine-wire coil to the 
terminals. In this type of tbemKunetor the various 
makes differ chiefly in the muans for measuring the 
resistance of the coil, which increa&cs as the temjieiu- 
ture increases, the value of which is therefore a measure 
«>( the temperature to be tletermined. 

That introduced ancl made by Measles. SiemeiiB 
Bros, and Cojri|iatiy, of London, in their direct-re^wling 
pyrometer, is shown diagram matically in Fig. 158, 
and dcperuls for its action on the principle of the 
Wheatstnno bridge (pidf p. 00). It consists of an ad- 
justable resisUvnce YK in the form of a helical cod of 
wire, which is arranged round the edge of a circular 
dial mounted on a tripod. The dial is grarluated in 
either Centigrade or Fahrenheit degrees, and carries in 
274 
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the centre a Btnall moving-coil permanent-magnet gjilvanometer G (p. 
211). A sliding contjict, with a |iointer, Kerve^s to adjust tlie resistJinco 
of the variable arm of the bridge 
and to indicate on the ilial the tt- m- 



perature of the pyrometer coil at 
Uie moment of • balance,* Le, 
when the galvanometer does not 
deflect on pressing the knob for 
the position of the sliding eontaet 
fonnd. The keys are combined 
and fitted to the sliding contact 
so that the act nf pressing the 
knob of this contact connects 
the battery, galvanometer, and 
pyrometer. The two remaining 
arms, CX and CV, of the bridge 
may be any two convenient 
equsii resistances. It will now 
be seen that considerable ac- 
eurucy can be obtained with an 
Arrangement such as the above, ^ 
iiuui there is the further advan- ( X^X 
that the 



■Itowiiic Bridge canoAciioa 

Y. - •* 



indicating in- 




stniracnt is comjwict and direct- •"''"• i*'8.-Prtncii.ioof 8!cin*n»pymmrW. 
leading, while at the moment of balance there is no deJIeetion to lie 



The Cambridge Scientific Instrument (.'ompany, who are large 
manufacturers of both thei'mo - electric and electrical - resistance 
thermometers, make some excellent forms. Fig, \r>i\ illustrates a 
resistance thermometer P, connected hy Hcxible wires to a Whipple 
patent temperature indicatoi'. The thermometer itself varies slightly 
iu oonatruetioTij according to the purpo.se for which it is required. 
Fig. 16U ilbistratea the construction sintublc for general testing work, 
including the measurement of the melting-points of metals, ete., and 
for temperatures up to 14 UO' C. (2552 F.). The porcelain ttjhe, 12" 
(300 nun.) long, is protected liy a reraovublu steel sheath, which must 
be removed for temperatures exceeding 500 C. or 700 C. (1292' F.). 
In thermometers to lie used in hightemiwrature furmiccs the tube 
u jM>rcelain and the leads platinum throughout. The Whipple 
patent tempemture indicator mentioned abcjve enables the tennM^ra- 
tiire to be reatl ott' directly on ji scale, either in degrees Centignule 
or Fahrenheit. The principle invuhcd in it is that of a Whe^t- 
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atone bridge, tho armngeraeiit being ropresented diagrammatioilly 
in Fig. IGl. It consists of two ratio or proportional coils x andy, 
the thermometer coil C in series, with a long hridgc-wire \\\ which ii 
wound on ii frame in the form of a helix. A contact D, capable d 
moving round the helix W, and of making connection with the wire 
of the helix at any \m%ii in its lenjjth, is actuated by turning the 
milled head H (Fig. 159). 

The position of the point of contact is indicated by an iudex- 



Pjc. 159.— RexiaUnca Thennoiuflter utitl Whli-tptei Indicatur. 



pointer uji the scale A (Fig. 15&), whit-h is gj-admited in temperature 
degrees The compensating lead L is cormected as shown, and is 
one of the two pairs shown m Fig. l.^l>, arranged to be tmder the 
same temperature conditions as the renmiiiiiig pair, which go to the 
thermometer coil. Since, therefore, any change of resistance of the 
leads going to the platiriuni coil is ;iccomp;nii('d by un equal change in 
the compensating leads L, the want of liaJance on the bridge "irill l>e 
due to the thcrmomctor coil itself. A sensitive galvanometer B, the 
index-pointer of which can be seen at B (Fig. lo9)» is connected 
shown, as also a two-cell dry battery G and balter\ kev F. Ueferri 
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to Fig. 159, the le^ids going to tbe tl>ermometer coil itself are con 
nected t^ terminals T, those to the compi^iisiitiog coil to the other 
►|Miir of terminals next to T. Then by closing 
the battery key F and turning the head H 
luitil the index at B comes to zero, the tem- 
perature of P cAti be read off directly on the 
scale A in degrees Centigrade w-ithont any cor- 
rections whatever. The company have recently 
installed some resistance thermometers in the 
Koyal Arsenal, Woolwich, the indicators for 
reading which are in an engifie-room three- 
Cjnarters of a mile away. 

Fig. 162 shows one of these thermometer 

meis in use on a Brayshaw's steel-hardening 

furnace. In this work Mr. S. N. Brayshaw, of 

^lanchestcr, who is a specialist in hardening 

'steel, contends that 5'' C. makes the difference 

' Letween good and bad harden! tig. The 

platinum thermometer in conjunction with a ^^^^^ 

recorder, such as Callendar s electric recorder, 

[ furnish a continuous record over a week or 

less^ an observer being able to read the tem- 

perjiture without disturbing the record. Such 

if 

Fin. l«yo.-SfH'lloii ofRmltiUnoQ 
TlH'rmoinetar. 

a combination is shown, 
about /,th full size, in 
Fig. 163 and indicjites 
a Callendar and Griffiths' 
patent resisUmce ther- 
mometer connected to a 
Callendar recorder. The 
necessary two-cell storage 
battery, capable of run- 
ning for a week^ is 
shown just below the recorder itself. F'ig. 16-1: shows an annealing 
furnace record taken by stab a combination as that just mention&d. 
The temperature ie above 700' C, and each space on the vertical 




Fio, Icn.— rrinclpie of Whipple Putvut T»'iin»flratiin- 
Inilicaiar. 
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scale = 4 C.» the horizontal length of the diagram is nine hoiire. The 
diflerence in the firing of the two stokers A and B can be seen very 
clearly : the tiroes of firing are indicated liy the well-iuarked iiotcliM 
on the curve. 




Kt<i< 102.— RpniaUliep lli-i n 



Magnetic Testing Sets — Permeameters. — Fiom a perusnl of p*tg» 
14:i ef ,s*vy. ihe rmdcr will be fauiiliat* with two very iniix)rtant chaiiic- 
teri&tics common to nil m;ignetic material, namely, its magnetic 
pfntieubilitf/ and /fy<s7r;r>/,v. Of late yvm^ several diflVrent pieces of 
apparatus^ of somewhat special constriRtiuii, have been devised for the 
purpose of measuring more easily the above-named quantities. With 
merely one or two exceptions^ sueli iipparatuf*, and also the oldet 
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xls on which th© measurements with tliem arc mostly based, 




r Cuttti«Ct«d Kl CaUvjhUt Itoi-unifi. 



•c sampW in the form of either ct^ntintions rings or long rods, 
I are aometimes troul»le«»ome to ohuiin. Moreover, it is well 
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known that two similur castings from the same foundry at the smt ^H 
time may differ considerably in penrneahility, even when run from ^V 
the eame pot of molten metal, owing perhaps to one being chilled ^4 
more than the other, or to some other cause. ^H 
It will therefore >>e seen that a specimoti ring or rod may not t« ^H 
at all representative of the casting, even when from the same pot, ^H 
and the test on such h often therefore of little value. With the view 1 
of overcoming these dirticulties, a magnetic testing set has recently be(!n 1 
devised by Dr. C. V. Drysdale, and is now miide l»y Messrs. Kaliler 1 
Bros, and Company, of London, The object of it is to enable manu j 
facturers who buy iron and steel for magnetic ptirposes to test tho 
permeability and hysteresis of the aistings or forgings themselves when 
they arrive from the founiiry, and thus obtain a trustworthy detei- 






" 




^" 


'■] TT 1 M 


1 -■ 








■ 






T^ 












r ' '■ U 












-JA_^Lrv«*, 


J 
























1 




J i '1 






1 — 
































^fi^ 


^^ M^ 












' 1 


' 




















\~, 


— M 






ill t f 


1 ^ 






_i 




1 


— +-r 


±L 





■' ^r - 


















U 


, 


" 


A- 


-l-U 


-^ 




\ ; 




-h 


n 




=1 




H-^ 


- 






- 






— 


- - 




•> 


-^ 


r 


-f^-r^ 


^-^ — r~r 




\- '- ^ ■ 


-^^V' 






























' 






\ f 










i i. ._i 






1 1 






71— 


" 






r 




























^ 






" f t " 






"' 


j 


It 






A 


t 


n 


l_ 1 




\ { 




r 


> 


1 r 






p 






J 


•\ 








M f ' 








/!-■ 


-t hK 






l 




ft 


l-l 




i 






1 


1 






li 






y 




-"f 




I [ i\ \ I 


\ 




ill/ 


I jC 


Mr 


"nfylrTni 




f 


\i 








J 


^ / I A 






L/tTr 






T V'u 


J 1 




Ml 




u 








1 1 






V 




i 




/ 


\\/^\y 




\^ 


' V 


' V 1]l! 






' 


1 






'' 








, 










J~ 






vr f 1 






i 




I 4 










1 




1" 






' 


















^ f 








I i i- 






* 


' 


\ flfi 










j 


1 


1 




























^ 














htn 










i 




1 






































1 ' 


]vi y 




H 


h 


-h 


I J .^ 


1 






u . 




I 


z 




— 1 








-r- 






1 


1 : 1 I 1 


■ — 1 


1 i 


i 11 B 


Fm. ifii.— T«mi»-ratuit*-'riiiiM Curve (;iv*-n Uy Rt.>.iiitiiiiOi' 'riiiTinrtnirlpr 

mination uf working values and ati accurate estimate of the excitaiM^^^ 
necessary. The complete testing set, arrangeil in portable form, ^^M 
illustrated in Fig. 1 65, and the diagram of connections in Fig. IG^PI 
while enlarged and detail views of some of the j>arta are shown in 1 
Figs. 167 to 171. The principrd parts comprise a si>ccial form MH 
drill for drilling a certain sized hole in tire casting to be tested ; ^| 
testing- plug, which just fits the hole so drilled ; a portable l>a^| 
containing a buttery of two large dry cellsj which are connected ^^| 
series with an adjustable resistance consisting of a series of resisUuia^^ 
coils, connected with a multiple block-switch to the battery reversing key. 
By this means diflerent values of magnetising force, ranging from 
H=5 to H= 100 C.O.S. units, or gausses, um be ol>tained and rea^j 
off on an ammeter (H, Fig. 166), the scale being graduated directly I^M 
valnes of H for a given testing-plug. From the alx»\'o-nanied re^^ 
versing key, connection is made to the two terminals marked M, M» 
to which the flexible leads from the magnetising coil of the plug , 
are joined. A small resist^ince coil CC is joined in series with the 
magnetising coil to compensate fur ihe magnetic lines passing throug^i 
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the air-space suiTounding the test specimeD. The search coil on the 
plug is connected lo the two tenninals marked S, S, whence ita 
discharge passes tfinnigh the galvanometer reversing key to the 
ballistic galvanometer (B, Fig. 16G), whii-h for a given plug hiis 
Sta scale divided directlv in values of B or lines per scjuare em. 




Placing the galvanometer key in its central pOBition, instead of 
breaking the galviinometer circnit, p\jts it in fieries with a resistance 
which doubles the totitl reni stance of tho circuit. The object of this 
I that when measuring permeability and t^'tking ordinary magnetisa- 
tion cnrves, the thiovvs would be otherwise doultled owing to them 
Wing obtaiivcd by revei-sing the magnetising current. In measur- 
ing cycles of magnctisiitions the current is simply madt, Itrohn^ or 
intrm»ed. 
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Returning to the special drill which is shown in Figs. 167 and 168. 
It has lour cutting edges fit the lower end, which cut a cylindricAl hole 






-AAA/V*Q5 




FCVCWSE 

Fifl. ICtt,— ComiHctloti* of MuKtifllic Ttu^Ung Sri, 



jrt the specimen. The drill is, however, made hollow, so that a tl 
rod ttr pin of the material is left standing in the centre of the hole. 





KtG. ItiT.-Tl..' rtrilt. 



Fii** lti».-TJ» Oria. 



shown in Fig. 1G9, which represents some small specimeua of jroti and 
fiteel actually drilled. In addition, cutting edges are proWded at the 
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top of the drill, which give a conical shape to the top of the hole 
drilled. The hole, which Ukes about 10 rniuutes to drill in soft cast- 



iron and -0 in wrought-iron or mild steel, is about J" deep and 
A' in it« largest diameter, while the pin is /g" diameter. Such 
a hole may be drilled in any position 
Habere a bolt-hole is afterwards to be 
^Oilde, or otherwise in projections left 
specially for the purpose, wliich may be 
c4it oi\ the ousting or forging on delivery 
and sent to the testroom. 

Before attempting to mitke a test 
with this coroplete magnetic testing sot, 
it is neeessary to place the apfMiratns on 

igid Rnpport iis free from \ibration as 

sible, Jind level by the screws ])io 
vided at the htiae of the instrumenL 
Then insert the plug tightly into ihr 
drilled 8|Hrcinien, an^l connect its lead^s 
according to the colours on the terminals, 

itly, see tliat the galvanometer is at 
If not, remove the cover and 
slightly turn the mille<l head at the tup, 
!i is then |)o»*sible to make one or luoiu 
itf the following determinations : — 

Direct Permeability Test— Set the 
battery key to iHiii-XT and adjust the 
resistance until H = 'rO. Next set the 
^Ivanometer key to the central position 



Flo. 17U.— Tli<> Plii^ CoJU(>leU>< 

rked Rksis, and allow the galvanometer needle to come to rest. 
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rio. in.— d(!Ctfon through Plug uml Sp«ciuu-t). 



Throw the battery key quickly over from Direct to Reverse^ and 
read the deflection on the scale marked u for H^^ 50. TbeTaliiAofj 

B is also given on the cor> 
responding scale. 

To obtain the B-H 
Curve. — If the specimen h»s 
been previously raagnetiaeil, 
demagnetise it by reversals.! 
For this purpose increase fl- 
to its maximum value and re- 
verse the battery key rapidly 
and continually, bringing ih^ 
resistance slowly back am 
by stop to the lowest vak 
Keep the galvanometer lit 
at Kesis, allowing the 
vanometer needle to come 
rest, then thrt^w over batl 
key from Dike<t to Revkkse, The value of B is given by the 
vanometer, while that of H is obtained from the other instnimefl 
Repeiit with Ruccessive Vidiies of H up to the maximum. 

Retentivity Test. — Set H lo any reqiiired value, and the gahT 
ometer key to iJiLsis. Reverse the battery key and find B, 
before. Let the galvanometer needle come to rest, then set tl 
galvanometer key to Keversk, and open the buttery key ; the swing 
gives the temporary magnetisation. Deduct this fi'om the loUl 
magnetisation before obtained, and the result is the residual magn< 
isation. 

To obtain the B-H Cycle. — Demagnetise by reversals as l>efore. 
Set the galvanometer key to DutKrT, then make the Imttery key and 
observe the galvanometer swing and corresiiondiiig value of H. After 
the galvanometer needle has come to rest, alter the resistance suddenly 
by one or more stops and again take the swing. Repeat this until 
the nijiximum magnetisation is reached, after which the galvanometer 
key should be reversed and similar refidings taken as the cuiTcnt is 
brought back step by step. The complete cycle can be taken in this 
way, tlic values of H being given l>y the ammeter as l>efore, while the 
corresponding values of B are obtained by t4iking the sum of all the 
galvanometer deHections up to the required point. Examples of such 
observations are given in Itr. Drysdale's (niper before the Institution 
of Electrical Engineers. 

Magnetic Permeability Balance. — Without going into the d 
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UOU of the vanous methods ^ for accurately measiiring the permeal)iJity 
a specuiien of magnetic materiiil throughout a wide range of 
magnetisiug force, it may he said that nearly all are lengthy and 
tedious operations requiiing considerable experimental skill More- 
over, manufacturers rarely need so great a range of measurement, 
one or two values of the induction, permealiility, and tnagnetiaing 
force, at or near the usual working values employed in a given type 
of appliance, sufticing for their purpose. In view of these considera- 
tions and the fact that nmnufacturers are seldom m a position to make 
such difficult determinations themselves, Professor J. A. Ewing has 
devised a magndif balance Vjy means of which any one who has a 
reasonable amount of intelligence can rapidly and accurately measure 




.,.&.„ 



Kio. 172.— Cirn«?r«l Vit'w of Kwing's MugiiPtJc B«liutc«. 

the perraenhilily of any sjimple of material within the limits of 
induction-density used in practice. 

The general aiijieanince of the balance, coinplet^j, which is made 
by Messrs. Elliott Bros.j of London, is shown in Fig. I7i', wliile the 
principle of the arrangement of parts at the left-hajirl side, which are 
not too clearly indicated in Fig. 17*2, is shown in jwit perspective 
elevation in Fig, 173. The balance, which is of the traction type, 
consists of a coil C, of insulated Clipper wire, having a go<«i soft-iron 
core I which terminates in the soft-iron end-cheeks F and E. One 
cheek F has its upper edge curved as shown ; the other cheek E has a 
V-groove or notch in this nppi?r eilge. The specimen to be tested is 
in the form of a rod R, 4" long, and turnetl accurately to a gauge 
of 1" in diiimeter. One end of this rod rests in the V-gro<:)ve of E, 
the other end on the curvctl rdge of F. A beam or scale-yard A is 
€AiTi«d by two pivots P, one on each side of A, which rest on bmckets 
B sup|iorted one on cither side of E. Drily une pivot and bracket is 
shown fnr clearness, but the line joining the pivot jiotnla pus.nes through 

' SImjmtii' In(ltifti4ni. t> {run iiint f'fhff Mftaht ^*y J» A- Ewing; : Pi'itdiittl Hlfctriml 
Ttttimj, by tlu- AuUior. 
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the points of contact of R and E approximately. The rod R 
through a V-shaped stirrup S close to the pole-piece F, and which 
carried hy the left-hand end of A. 

A balance-weight W slide* along the beam A to the right of I 
pivotfi P, its position being read off on a scale D of er(Ual divisi 
attached to the beam. The beam is capable of a small angiUar moli' 
one way or the other about the pivots P, which act as a practic4ill; 
frictionless fiilcnim, the play or motion being stopped by the hrii 
fixed to F and seen in Fig. 172. The baseboard. Fig. 172, to ^vllicb 

the arrangement indicated in Fig. IT5 
is fixed, also carries a variable rheosi 
of cir-ciilar form seen next to the 
electro-magnet to the right. Next w 
the rheostat is a reversing sv^-itch* 
handle of which can l>e moved i 
three definite jmsitions. namely* 
breaks and rei'eisf. On the extrc 
right is a short pillar carrying a hin,,, 
piece which, when turned up, suppo 
this end of the beam while the rod 
is being taken out or put in 
electro -magnet coil, rheostat, and 
versing switch are connected 
mancntly in series )>etween the two 
brass terminals shown just to the left of the short pillar. The only 
remaining piece of apparatus required is a small secondary cell, which 
is temporarily connected to these terminals at the time of a teat. 

The apparatus is so constnicted that the electro -magnet ex 
a magnetising force, with the bar or rod R in position, of H = 
C.Ct.S. unit.*^. This value has been chosen because the B-H curves 
different specimens (vide p. 14*!) often cross for much smaller values 
H, ie, their order of goodness changes when H changes. Prof 
Ewing has, however, found that in the region of H = 20 and over, 
order of guodness is niaint;iiiied, anil, further, that H = 2U is a value 
which there is a large ditterence between different specimens, 
hence a coniijarison is all the more easy. From a large nutnber 
tests it has been foimd that for 11 = 20 the vabies of B vary froi 
16,000 it) the very best magnetic material to 12,000 in |;»oor matenal, 
and these have been made the limits uf the range of the b»dance 
seen by its scale, (hving to the way in which the beam A is pivot 
the aide of the test-rod R touches the pole-piece F at one and the 
same point, only in a perfectly definite manner, whilst the other c 
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R which renmiiis in contjict with the V-groove in E forma a sort of 
magnetic hinge. A standurd rc»d, the inductioii-density in which has 
been carefully found by the most accurate method^ whon H = 20, is 
fltipph'ed with the bridge, and the meth(xl of making a test on any 
Ipeciraen is as follows : — 

The standard ro<l is placed in position at R, luid the siider-weight 
W set to mad the induction, on the heam, which it )s known to have 
when H - 20. The circular rheost-iit is then carefidly turned until 
the leverage exerted by the beam detitchcs the end of the standard 
rod from the pole F. The electro-magnet must now be exerting a 
magnetisinjj; force of H = 20, so that the standard rod servos instead 
of an ammeter. The standard is next replaced by the rod to be 
tester}, and with the same magnetising force of 20 W is now 
movo<^l so that it is likewise just detached from F, The induction 
in it is then indicated by the position of W on the scale beam A. 
Thus the force requisite to (ietach the end of K from F is a 
measure of the induction B in the rod 11 for one constant and definite 
value of magnetising force H. The current is reversed two or three 
times, }>y means of the switch shown, after \i is place*! in position and 
before moving W, so as to wipe out residual eiFccts flue to previous 
mugnetisatiun. The pole -pieces F and E and the rod H must be 
clean and free from dust and nist, and the scale on the beam is 
obtained bv using standard rmls having different inductions for the 
same value of H = 20 C.(I.S. units. The user of this })aknee can there- 
fore at once see what kind of a si»ccimen he has as regards magnetic 
virtues, and in mf»st cases this is all a dynamo or m€>tor manufacturer 

ts to know. The l*alancc has an advanUige over othci-s of like 
oniploying a traction principle, in that a perfectly definite 
lietween the cylindrieally tiu'ued surface of the rod ami fmlc 
IB much more cfisily olitainetl than in cases where the rod is detached 
in an axial direction. The reliability of a balance such as this 
depends largely on the contact surfaces always being in the i-ame 
condition and always touching at tlie same point. The ease and 
rapidity with which the balance can be manipulated, coupled with its 
extreme simplicity, makes it suitable for workshop use. 

Instruments for measurtng^ Magnetic Hysteresis. — The determin 
ation of magnetic hysteresis in a simple of magnetic material 
ftccurately« is a tedious operation attended with some difficulty, and 
calls for an apprcciublc amount of exi>erimental skill on the part of 
the ojienitor. The mcthcKls employed, tji the iHtllixlic and mufjuefO' 
mdrit^ cannot, however, l>e dcjilt with here ; suffice it to say that before 
a measure of the power wasted in hystei-esis can be obtained, the B II 
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curve (cycle) {ride p. 146) must l>e plotted from the table of numcri 
results obtained in the test, and its area foiuid Of recent yei 
special instruments have been devised with the object of enabling t 
hysteresis of any specimen to be found mpidly and with considemU 
accuracy by a single observation. Such instruments may be 
veniently termed hi/stere.ns {e.sff^ra^ and the two most prominent fo 
are those devised by Professor Ewing antl by Messi"s, Blondel 
Carpentier,^ 

Before going into the general arrangement of these two forms, \ 
may be pointed out that the nutguetic hysteresis exhibited by raagne 
material varies in magnitude far the sam^r irftfcimen according to natui 
of the change in the magnetising force anrl to the manner in which 
it is applieil. As measured st^itically, rj/. by the ballistic method, it 
has one value, which difiers from the values obtained in both an 
alternating and rotating magnetic field and is smaller than eitlier 
some 7%.- K. Hiecke*^ and JL Grau find that the hysteresis in 
rotating Held is almost exactly double the value found for the same 
apeiumen in an alternating field. The rotating fiehl is the iy\\K 
of field met with in the armature of a continuous-current dynamo 
and polyphase alternating-current motors, while the alternating field 
that met with in up|>liances using sin^lc-phafie alternating cun'ent, 
for inst-anee the ordinary static transfoniier. It therefore becom 
important to be able to measure the hysteresis of a specimen und 
conditions similar to those which it will have to work under 
practice. This is accomplished in the so-called hysteresis tester. 

Blondel-CappentSer Hysteresis Tester. — A general view of this 
instrument, LOiuidctCf is shown in Fig. 174, but its cunstniction will be 
better understood from a reference to the sectional elevation given in^_ 
Fig. 1 75. It comprises a laminated, powerful permanent magnet M d^M 
U form, capable of giving a magnetic induction of about lQ,00o C.G.S. 
lines. It is carried, with its limbs vertical, on a flat circular Uiet^^d 
plate C, having a boss D which terminates in a fairly thin spindle 
This spindle turns in a fixed boss E, and its end rests on the end 
an arrestment-serew G having a tommy head and Ifick-nut N. 

A main wooden Imsc B, resting on three legs or feet F, supports tl; 
whole instrument. Through B passes radially a spindle L, terminating 
in a milled disc H at the edge of the Ivise II Tn the othej* end of L 
is fixed a roller di.sc K having a leather rim, whilst the protruding 
end of the spindle is reduced in diameter and has a Ijearing in th 

' Artnagnat, L'inituMrui K/ecttiiftif, J, jiji, '>l3.u46, 1898. 

= AccordiiiK to A. Diixtt, EUttrictUi^ Milau, Sept. 28, Oct. 5 ami 19, 1901. 

» KttktrotMhn, ZeiiJichr. 23. pp. 112, 143, Feb. J 3, 1002, 
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ViH. l7i.—Hyatere»U Tester. 



boas E. When the instrument is being used, tKe weight uf the 

luagnet M is taken by the friction disc K at the point of contact of 

this and the disc (', Thus, turning H causes M to rotate by the 

friction drive between C and K. By slackening the l*>ck-nut N and 

screwing up the arrestment-screw G, the magnet and its attached base 

disc C is lifted off and supjjortetl clear 

of the driving roller K and cannot 

then be turned by turning H. The 

dri\nng mochaniam should thus be put 

out of action at the end of every test 

and during transit. The poles of M 

are capfied with an anntilar bniss 

framing which carries two or three 

ani&ll rollers O. These rotate with 

this framing and roll on the fixed 

annular framing carried by the three 

pillars A, thus forming the upper 

bearing for the rotating mngnet M. 

The test- piece or specimen I ia 
prepared in the fonni of thin annular 
discs, 55 mm. in outride iliameter and 
38 mm. in iaside diameter, Unng cut from the sheet to be tested and 
superposed on one another to a total thickness of 4 mm. These 
dimensions are essential, the specimen being cut or preferably turned 
to size rather than punched or stamped, which has the edect of hardening 
the metal This tc»st-piece I is centred upon and carried by a brass 
hohler V, the vertical spimlfe of which (shown shaded) can turn freely 
in an upjier pivot K and lower adjustiible pivot-screw Y. This last- 
named is provided with a lock-nut and is carried at the bottom of the 
brass tube T, the upper end of which terminates in a hollow brass box 
Z. The box and tubes are carried by the fixed framing which is sup- 
portcil by the pillars A. The spindle is provided with a pointer P at 
the top and a controlling spring S at its lower end, which is immersed 
in thiek oil to give the necessary tlead-beat motion to the apimlle ami 

it«r P. Thr hollow graduated Rcale Q is integral with the ring which 
entircles the glass cover, ami can thus be readily set round to adjust 
the zero as required. The laminated .s|teciraen ring I, which is 
aocored to its brass holder V by little flat swivelling spring clips (not 
ihovm), is supported horizontally between the limbs or poles of the 
magnet M. To ])lace a test-piece in position, the glass cover^ upper 
b«*aring centre for the pivot R, and scale G, which form one piece, are 
remove<l, and then the index P. The brass holder and its attachments 

U 
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are then lifted out by the milled flange W, the Bpeeimen I placed in 
position and eecured by turnmg the three clips, and the various parte 
replaced in order, when the instrument is ready for use. 

The rationale of the test is as follows : — When the permanent 
magnet M is rotated the magnetic induction through the test-piece I 
is continuously displaced relatively to the iron, and hysteresis give* 
rise to effects whicli are closely analogous to those of friction. These 
frictional effects cause the test-piece I to be dragged round iu the 

p a 
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Fig. 176.— SectioniU View of HytiberesiB Tenter. 



direction in which M ia being turned, a torsional effort being thus 
exerted upon the controlling spring. After a few moments the test^ 
piece I and its system settle down into a position of equilibrium, in 
which the byst^resis-couplc in just balanced by the o[>poRing etlbrt of the 
spring S. The force of toi-sioii or opi>i>sing offort of the spring is pro- 
portional to the angle of torsion, and this angle is directly indicated by 
the pointer P on the scale G. It was pointed out on page 149 that the 
work done against hysteresis, in taking a spet^imeu through a given cycle 
of magnetisation, is indepjendent, within limits, of the rate at which the 
cycle is performed. If, therefore, the test-ring 1 is built up to the 4 mm. 
thickness with not less than four discs, the effect of eddy or Foucault 
currents in them ia found to be quite negligible, and the hysteresis- 
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eouple will be practically independent of the speed cf rotation of M 
and directly proportional to the deflection of P. The hysteresis 
ooctficient of any given simple of iron is determined from comparison 
irith a standard test-pic!ce tlie coefficient ■ij, of which haa heen very 
carefully found from independent measurement. With, say, the given 
BHmple in position, turn the wheel or head H sufficiently fast (two or 
three turns per second) to make the pointer P take up a steady 
position. Next turn round the glass cover and scale G until the uero 
is opposite P, the magnet M being in mation as aljove. Then turn 
the head H at the same speed in the opposite direction, and note the 
■deflection D" of the pointer on the scale. Kepeating these operations 
ior the aimllarly formed standard in position in the instrument 
Instead of the sample to be test^jd, and obtairu'ng a corresponding 
deflection P„ we shall have — 



=d1"'"* 



^Coefficient of given sample 

ir hence the loss due to magnetic hysteresis (p. 1 48) is 
\V„ =i7B''* apjuoximattflj. 

The method employed in obtaining the deflections by rotiiting the 
magnet in opposite directions auccesaively has the atlvantage of doub- 
ling the sensitiveness of the instrument and also of eliminating any 
arrors arising from the previous magnetisation of the iron samples. 
^he results obtained with the instrument can in all cases be relied 
Upon to within r> ^ , though usually t-o 2 %, which is quite accurate 
enough for all jiractical purposes, seeing that the iron under test 
will not be found homogeneous to within such a small percentage, and 
that the index of B in the last relation is not a very definite and 
consUmt number. 

The causes tending to introduce orroi^ into the readings are : — 

L Weakening of the |>erman en t magnet M with age; this source of 
€lTor has been reduced to a negligible amount by ordy using magneta 
of the highest quality which have been carefully 'aged.' 

2. The coefficient t/^, of the standanl specimen may change with 
^e. Such changes are most liable to occur in iron whose coefficient 
ni hysteresis \b small, and for this resison the standard is made from 
iron having a moderate value foi- >/, thus ensuring greater stability 
.with time. The instrument has the advantage of being accurate, 
ItroDgly made, and oasUy manijiulated by any intelligent workman 
unaccustomed to testing. 

^ ^'rom what has been said it will be seen that the Blondel-Carpentier 

tester measures the kind of hysteresis met with in dynamo 

tureSf if, rotatory hysteresis. By using the specimen and 
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Standard in the shupe of similarly formed laminated rods inebrad 
of rings, the instrument will measure alternating hysteresis. In 
eitl»er case the air-gap between the magnet [loles and the specimen 
is made s\ifiiciontly large to render the magnetic reluctance of th« 
specimen negligilile in companson with it. The principle involvd 
in the measurement of hysteresis by the above instrument is aliuoflt 
identical with that which Professor J. A. Ewing had previously 
intnxluced and used in his hysteresis tester.^ The general forme of 
the two instruments are somewhat difterent, Professor Ewing caiifiing 
his test-piece tn rotate hy turning a handle, the hysteresis-couple iMiiiij; 
measured by the angular disphicement of the permanent magnet, which 
is controlled by gravity. 



QUESTIONS ON CHAFTER VII 
[Suppfem^nt all Annc>^s with SkttcJifs wlun ptaitible.] 

1. Describe the tangent galvanometer, And prove the i-elAtiou tli&t exi»tft betvrccu 
the currt-iit uud the defleetion. (Ord. T. and T. 1897.) 

2. Show by a siceti'h how you would comifft u]j an energy meters such aa tlio 
Elibo-Tliomson nietur, on & *2-wire circait. (Prelim. 1897.) 

3. Whftt Is the ililTereucp, as regards conatniction and use, between an ammeter 
and a voltmeter? (Prelim. 1897.) 

4. What Foniis of aniniftera and voltmeters are likely to be affected by 
neigh hourin]Cj current circnits,— tV»r inatanee, those on & bwituhboard, — and what are 
the foniis that are praetically unaHt'oted T (Ord. 1897.) 

5. Wliat are the Rptucial ad vantage's and disadvantages of electro-static Voltmot«n 
as compared with cnrrent voltmeters ? Describe in detail some form of electro- static 
voltmeter suitable for use in u central station. (Onl. 1897.) 

6. Describe in detail a wattmetpr for use on alternating-current cin.'nits. Wlut 
piHseautionH uunat bo takiaj in '\\Ji construction, and what is the exact nature of the 
error likely to be met with in its use 1 (Hens, Sect. I. 1S97.) 

7. (live Hketehets illuHratinK the ♦-on»trnctioti of a coulomb meter and an energy 
meter, each iiitunded to be u^cd on altcniating-current cireuits. What eiTora are to 
be looked for in such meters ? UIq"s. S'Ct. (, 1S&7.) 

8. iJescribe a frequency meter ; also some form of pha.'te indicator for measuiiug 
the dirterence in phase between two alternatiug currents. (Hous- Sei't, L 18£»7.) 

9. (jive detailed sketches of a galvanometer* with all modern improvements, to be 
used for testing th<j in^ulatiou of tjomevvhat iihort lengtha of well- insulated cable. 

'(Hons. Sect. 1. 1897.) 

10. t)escnbe in detail a voltametiic nietho«l of calibratiug an ammeter, ajid a 
potentiometer metlxxi nf i.-alibi-ating a voltmeter, and draw attcnttoa to the 
precautions that must be taken to secure accuracy. (Uons. Sect I. 1897.) 

11. What in the nature of the eiTor produced In an electro-magnetic vollmeler 
used on an alternating-current circuit if the freiiucncy be changed ? How can this 
error Im? partly eonipemiatevl for ? and mt-ntion uny ty|iea of voltmeters, should such 
exiat, whicli require no jstich comi>eni»ation. (Hons. Sect. I. 1S97.) 

12. Dcacriljt! a commtrcial ohmmeter» with sketches, and explain how it is used. 



^ A Aill ileBcriptloti of this iuf<trttment will be found in the Juur, IhjU. E.E. vol, 24, 
pp. 398-430(1895). 
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la diuwing up & sfiecifioAtion for the wirinj^ of a privntii lioiiae, vvLat standard of 
msTiUtion resistance would you n?t]uii«, atid what maxinnim drop of pressure would 
you allow? (Hona. Sect. III. 1897, iind Prelim, IHOS.) 

13. Descrilw a method of dett^roiiniiig the volume of curmnt in a circuit, witli 
the aid of a voltmeter niid a. series of known trsiatunces, but without the use of other 
iiteimuringinstrumcntfi. (Hons. Ele«\ -Metall. 1897.) 

14. Describe, with sketches:, some forui of movnig-coil voltmet*'r. What mrv tlie 
advantages of Utis type ? (Old, 189S.) 

15. Dvscrilw a gcK»d form of voltuiet<>r for use on an altertiatilig-curreiit systeni. 
<Ord. 18»8.) 

16. \Vliat are the uiost important errore to ho looked for in cuijsuniera' m&tcrs! 
(Hon*. Sect. HI. 1898.) 

17. Dtjacribf a potentiometer MiitaWle for measuring from 10 to 1000 amperw, 
and give a sketch indicating ih** juineipul dimensions, (Hons. Sect, I. 1898.) 

18. Compare the advantages and •lij.advantagea of «lide-wire, dial, and IM>. 
patr^'ru Wlieatstoue bridges. (Hoiis. Sect. I. 1898.) 

19. How does the construction of an anijiere-hour or quantity meter dill'er from 
that of a voU'amj)«re-hour or energy meter? (Jive a sketeh of a good s]»eeimen of 
each type. Wheu can one be used in place of the other ? Have you any suggpi^lion 
to make with reference to the name ' recording wattmeter* as applied to the Elihu- 
Thom*on supply meter? (Hons. Sect. 1. 1898.) 

20. DeeerilK', with sketches, soTne form of accurate jKirtahle testing net used for 
meaaiiring the insulatiou reaiatance of an electric light iustallatioiw (Prelims. 1899 
ami 1900.) 

'Jl. How does a voltmeter differ frouj an anintcter in its c</natruotion and use ? 
Wlial aort of refiistauce may be given to a vo!tuu»ter used with a Mingle accumulator? 
(Prelirn. 1899,) 

22. DetK-ribe, with rongh dimenaionat sketches, a good form of standard resistance 
having a value 0*001 ohm, and ejtplatn how it is used in the nieftaurement of large 
carrenta. (Onl 1899.) 

23. Ueacrilw the platinum thermometer, and explaiiij with diagrams, how it rnay 
be used with a alide-wire Wbeatittoue bridge »o that uniformly distant scale readings 
aball be directly proportional to the tem|K:rHture measured. Why are dummy les,d8 
irrovided, and how are they used ? (Hons. Scot. 1. 1899,) 

24. What are the relative advantages of the moving-needle and the moving-coil 
gftlranometets for the nieMSurenient of very Bmalt currents. (Hou». Sect. I. 1899,) 

2ij>. DeM'ribe, with Kketcltea, the ap[iaratu9 required and the method employt:d for 
measuring the jiermeability audi the byatereaia of (a) an iron rod, {b) a transformer 
coro-plate. (Hons. Sect. 1. 1899.) 

20. (liven a sensitive itiilliammeter of low reaistance, design a set of reai-ntJinces 
which will enable it to be used as a voltmeter to measure up to 1000 volts ; as an 
ammeter, from 1 to 100 ainpeies ; and && a direct-reading ohmmcter on a constant- 
praa«ure supply current. (Hons. Sect. I. 1899.) 

27. DeHcribe tlie tiiuittrtiction and use of a wattmeter, and >itate the irni>ortitnt 
{loinUt to lie nttende<l to if the wattmeter is to lie used on an alternating-cuirent 
circuit. (Ord. 1900.) 

28. What «f»eoial arrangements, if any, mmt be employetl with {a) an electro* 
magnetic v«ltmet<ir, {tij n. hotwire voltmeter, (c) an cloctro-atatic voltmeter, when 
tliey arc uned on aUematingcurrcnt circuitN ? Have you any reason for adopting one 
of the typos rather than the other two T if bo, explain It in full. (Hona. Sect. I. 
1900.) 

29. Give Mketchea iHuutruliuK ^^i^' fidi deiaiU of the euusiimtion of hot-wire and 
•Iwrtro- static voltmetern. What kind of errors would you look for in tosting these 
Iwo tyjies of instramenta resyjeetively I (Hons. Sect 1. 1900.) 
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30- Describe, hy means of sketches, the detuls of the construction and Bietliod of 
application of a motor meter for measuring the energy supplied to a house os idinot* 
current three-wire system. (Hons. Sect, I. 1900.) 

31. Give sketches showing t\w details of the construction of a pot'^ntiometer for 
general use, and explain exactly what measureineDts can he made with the apjuirsiu^ 
you describe, and state with what degree of accuracy the resiilta can Iw olibiiiied. 
(Hons. Sect. I. 1900.1 

32. What is the difference between a Thomson and a D^Arsonral miTTor 
galvanometer, and what sj>ecial advantages do each possess ? (Onl. T. and T. 15>W.) 

33. What is a wattmeter, and what does it measure? Give sketches sbovins 
some form of wattmeter suitable for use in a workshop. (Prelira. 1901.) 

34. lllustratOj with drawings, the constrnction and action of a direcl-njadniR 
magnetie-fickl tester. Give examples of the nae of such an instniment in practice. 
What errors would you look for if you were testing its accnracy * (Uous. Seel, 1. 
1901.) 

35. Explain in detail how a dynamometer wattmeter may he oompensated f^t 
the loss in its pressure coil. (Ord, 1902.) 

36. Describe any moving-coil ammeter with which yon are ac«piatnt«d. Vfhst 
advantages has this type over soft-iron and hot-wire instrument* t (I^relim, IttOi) 

37. SVhat are the easential f*:atuit«s of a good house niet«r ? Deaeribe tlrt 
Thomson energy meter, and show that the number of revolutions is |irojtorti«»na! to 
the energy used. Why i:i it incorrect to call this jnatniment a ' rctvjrdiwg wattmett-r*! 
(Ord. 1903.) 

38. Wjiat is an oacillograpli, and what are its uses T Desi*ribe any form 
which yot^ are acquainted, giving full |Mirticulars as to the conditions noceaaary to 
ensure reliahle results, (lions. Sect I. 1903.) 

39. Descrilvu in detail, with sketches, any wattmeter of the 'induction lyj«?' 
suituble for three-phase extra high-pressure circuit with which you an* ac^juainled 
Discuss tlie sources of error and their a[i[iraxiniate magnitude in this type, and at 
how they are affected by the power factor of the circuit. (Hons. Sect I. 1903.) 

40. Describe in detail the Kelvin current balance, ami state what precautions havf 
to be taken to ensnre that balances for large currents ahnuld read correctly oQ 
alteniating-cnrrent circuits. lUr«I 1904.) 

41. I)es<?nlje an}' alternating-current energy meter suitable for large |towerB (aaiy 
lOOO nni|«eres and 200 volts) with which you are acquainted, and explain how 
you would test the accuracy of wuch an inKtrumpnt on an inductive circuit. (S 
Sect. I. 1JK>4.) 

42. D^cribe in detail, with sketehes, any hot-wire ammeter with which yon 
acquainted, and state exactly in what respects such an instmnient differs from a 
voltmeter of the same ty|ie. (Prelim. 1904.) 

43. (m) Explain the principle of an 'astatic* galvanometer; (6) What is meant 
by a ' ballistic ' galvanometer 1 and {c) For what class of teats is it useful f (Uons, 
Teleg. 1901.) 
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Probably no subject has, uj> to tiae present^ received more wide- 
Bi^read attention than that of the prodoction of light by electricity. 
It is true that the most striking development of commercial 
Appliances for effecting this objet^t has tiiken place in the past few 
years, and the result, illustrated by the electric lamp of the present 
day, has been attained by much labour and in many stages of 
j>erfection. Electric lamps in their present stage of development 
may be broadly classified as follows : Inmnd^sceni lamps, Jrc lamps, and 
J'ajHntr Ijtmps, In each, the light produced is the result of a trans- 
formation of energy under conditions in which, up to a certain 
point, heat is absorbed in certain matter more rapidly than it ia 
given out or radiated, thereby causin^i a rise of tcrajFerature, At this 
point the energy dissipated in a given time is equal to that received 
in the same int-erval of time, and the temperature then remains 
constants If the temperature is suiJiciently high» yf>me of the 
electrical energy so received will be transformed into light rays, the 
remainder into invisible heat rays. The proportion between these heat 
and light rays will depend on the relation of the conductivity of, 
and the medium which pervades, the matter in which the electrical 
energy u absorbed, to the amount of this energy. It is unfortunate 
that the pro[M>rtion is so large (the light rays being usually a small 
fraction only of the heat rays) ; for the efficiency of any lamp as a 
light-emitting source is represented by the ratio of the energy re- 
appearing in the form of luminous rays to the total energy given to 
the lamp. This optical efficiency,* as it may be termed, altliough 
higher than in many other sources of light, is at the best low, 
amonnting U) something of the order of G'O to 7 "6 per cent in the 
ordinaiy incandescent class of lamj>< It is, howttver, higher in the arc 
lamp, and higher still in the vapour lamp. 

1 • Investigfttion f>f tin? Riwli»itioii from the Newer Olow-Lttnipft/ liy W, Viige {Biehl. 
Ann, d. Fhjmk, 28. 21. pp. 1130-1138, 1004). 
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From tlie foregoing remarks, applicable to lamps in general 
may puss on to a C(jnsideration of the dilTerent classes of himps, and| 
take them in the order mentioned al>ove. 

Incandescent Lamps.— Space will not permit of even a reference to] 
the history of such lamps ; suffice it to say that the first pmctic 
attempt to prmliice one was made as eiirly as aljout 1840. Sine* then»1 
a vast amount of atti^ntion has been devoted by different scientists 
the protluction of sueh an appliance, with the result that we nc 
possess a ao-called incandescent or glow lamp which, while not qtiite 
efficient as c^in )m^ desired, nevertheless fills a long-felt want and is 
commercial success. 

The principle on which the action of these lamps is liase<l is the 
heating eflect of a current of electricity flowing through a conductor 
(inde p. 54 et seq.). We have seen that the energy expended in f 
seconds in a conductor of resistance R ohms carrying a cuiTeut of 
A amperes is 

A'-R/ joules, 

or, if J = Joule's equivalent (p. 55), the amount of beat (11) pro- 
duced is 



Thus it is seen that for a given current the amount of heat 
produced jjer second depends on K ; and the greater this resistance is, 
for the same conditions, the greater the amount of heat produced- 
The trend of research, then, hsis been to find a mat^nal which, 
while having a considerable specific resistance {p. 69). was also very 
refractory in nature, ami hence capal>le of withstanding the very high 
temperature to which it must be mised in order to emit luminous rays 
in aiklition to heat rays. The materials which have been tried in the 
now welbknown ordinary form of glowdamp are platinum, osmium 
(see p. 317), iridinm,' thorium, an alloy of platinum and iri<iium, 
titanium carbide, and carbon. Of these, practically carlion only has 
survived the trial, and is now UTdvei*sal]y employed for the filaments 
(viiU p, 297). The reasons for this choice are : — 

Firstly, that with carbon (which is a non-metal), after the temper- 
ature of incandescence is reached, the luminous rays increase more 
rapidlj', as compared with the non-luminous or heat rays, for further 
rises of temperature than is the case with the metals. 

Secondly, in addition to carl>on giving a bettar optical efficiency, 
its temperature of volatilisation is higher than that of metals, and hence 
it can l>e raised to a higher tem{>ei"ature than they can. This is an 
» Sci. J »)<•/-. 91. p. 338, Nov. 1. 1004. 
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extremely important advantage, for the optical eHiciency of a light- 
emitting source depends very materially cm the iemi)eraturo. For 
example : an increase of 15 per cent in the temperature of a luminous 
source near the point of volatilisation may produce an increase amount- 
ing to as much as 30 or 40 times {Le. 3000 to 4000 per cent) more light 
in the case of metals, the temperature at which they emit light is not 
much less than that at which they fuse, whereas carbon has no uctnal 
fusing-point — only a region of volatilffiation for temperatures higher 
than that nee<ied for ordinary bright incandescence. 

Thirdly, the sectional arefi of ca.rbon can be made more uniforai 
than is possible with that of metidlic wires. This is an extremely 
important consideration, as will be seen presently, and materially helped 
the decision in favour of carbon. 

Manufacture of Electric Glow-Lamps. — Passing on now to the 
construction of electric incandescent or glow lamps, CompJtratively 
few people, out of the very large number who use these lamps, have, 
doubtless, any idea at all of the intricate nature of» as well as the skill 
and experience rofjuired in the manufacture of, this apparently simple 
appliance. They would, however, soon be undeceived if they knew 
that this simple-looking lamp, comprising merely a glass bulb fitted with 
a bnifts cap outside and the comlucting thread or filament inside, was 
the object (from first inception to completion) of fietween thirty and 
forty distinct processes or operations, most of which are of a most 
intricate and delicate nature. 

The Filament is of course the chief feature of an electric glow- 
lamp, its composition and o%"olution very materially affecting the 
ultimate behaviour and success of the lamp. In all cases the filament is 
now mmle from cellulose — a more or less tiansjmrent, gelatinous hydro- 
carbon giving a better efficiency and having a longer life than the 
original filaments made from bamboo. Diiferent makers prepare their 
cellulose in difierent ways, as follow : — 

1. Heating the purest cotton woo! obtainable with a solution of 
zinc chloride (in which it dissolves) in a suitable vessel ; the solution, in 
the form of a thick syrup when cool, being decanted and then ready 
for use, 7'his is a very commonly used method nowadays. 

2. Treating special kinds of ])aper chemically in such a way as to 
produce a thick plastic solution of cellulose. 

3. Treating the purest cotton wool to a combined washing and 
boiling operati(»n in distilled water in order to remove any 'dressing,' 
dirt, or other foreign adherent accruing in the course of its manu- 
facture. After being dried, it is wound loosely Imckwards and for- 

round two opposite sides of a rectangular glass frame of such a 
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size that each ply is a little longer than the length which the finished 
filament is to have and does not touch any other ply. The glass fnune, 
thna wound with this pre|mred cotton, is next immersed in a rltar 
solution consisting of concentrated pure sulphuric acid and pure 
water in the proportions of 2:1, the temperature of which shonKI 
be 15° C. This operation, which takes only a short time, is complete 
when the last trjices of the strands in the cotton disappear, the frame 
then being immediately taken out and reiramersed for some hours in a 
stream of clean cold water. It must next be irnmersetl in a bath 
containing a 1 per cent solution of ammonia and water to neutralise 
the last traces of acid, and finally again in the stream of water. 
thread (as we may term it) so formed ha;? now quite a diflPere 
appearance from that of the original cotton, having been converter! 
chemical action into the transparent, gelatinous substance — cellulose. 

The next operation is to cause the thread to assume the desired 
form of filament while still wet and in a pliable condition. 

In the case of methods 1 and 2 above, the thread is obtained by 
forcing the cellulose solution, under pneumatic pressure, through 
orifices or dies. These consist of sapphire-agate stones mounted at 
the end of the tubes leading from the cellulose reservoir, and which 
contain hole^ of various diameters corresponding to the cross-sectional 
area of filament re<^nired. The cellulose issues from the dies in a 
continous thread, and coils itself into tall glass jars filled with spirit such 
as wood alcohol or other setting solution, which sets and hardens it 
After remaining in this solution for a sufhrient time to get rid of 
the remaining traces of zinc chloride (in some cases three or four days), 
the thread, which now resembles fine catgut (being clear, tough, and 
flexible), is treated with water or (.'hemicals, and in all cases finally for 
several hours to a stream of water to get rid of all traces of such chem- 
icals^ after which it is dried. Simple as the process up to now appears 
to be, great care has to be taken in obtaining exact proportions of 
ingredients in solutions and mixtures. The temperature of these 
together with the forcing pressure at the dies for a given diameter 
of thread have to be carefully maintained in order to cnsiu^ 
success. 

Shapiii(]f the ihrfotl is an operation which presents no ditfiotd ty, 
and in methods 1 and 2 is effected by winding the prejmred thread 
over carbon blocks or 'formers ' shapetl to the desired form of filament. 
In method 3 this winding is done while the thread is still wet 
from the final washing operation, it being previously cut from the 
frame into the several |>l(es, only at the points where it touches the 
opposite sides of the dipping-frame round which it is wound. In 
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tbia way a tmiformity of texture is ensured throughout each ply 
which goes to form one filament. 

Carbonisingr the Thread. — In methods 1 iuid 2, the mrbon 
' formers ' thus wound with the thread, and in 3 only the ' forme<l ' 
threads, which (when dry) have been cut off the former, are packed 
all round with powdered carbon or plnmhago in iron or giaphite 
crucibles. Considerable care has to be tjiken to ensure the air aroiuid 
the blocks and thread being displaced by the powder, thus preserving 
them from oxidation when heated. The crucibles are next placed in 
a coke furnace and very slowly brought up to the highest temperature 
obtainable (a white-heat), at which they are kept for a day or two, 
when the furnace is then allowed to die out and the criiciblos become 
cold. The filaments, for such we must now call them, when taken 
out of the crucibles tat 11 now have been converted from the original 
celbdose into pure carbon, and should be of a good eemi-dull black 
colour throughout. 

In methods 1 and 2 they are next cut from the 'formers,' and 
in all cases, by whatever route this individual filament form hiis 
been arrived at, they should be very hard and show consiileraUle 
elasticity. If they are variously glossy and dull in colour, or irregidar 
in thickness, for the carbonising process causes them to shrink, they 
are discarded, air having probably found its way into the crucible 
during the process and spoilt them. Some lamp manufacturers do 
not make their own hiameiits, but Imy them in assorted sizes in this 
conditioik and stage of production. 

The filaments are next carefully sorted into different dia- 
meters (from about 001 t in. upwards in steps), according to the 
known relationship of candle-power and voltage to diameter of 
filament. The diameter is measured by micrometer calipei-s to 
nrJuiy*^ of an inch, and the free ends are snapped off to the right 
length on a corresponding gauge. 

Mounting: the Filament. — This operation, which comes next, 
consists in attaching the free ends of the filament to the two platinum 
or other * leading it»' wires. As the method adopted for doing 
this, together with the form of support for the wires, diffei-s slightly 
with tMU'h manufacturer, a general indication only of the principle 
Used by the best makers will be given. 

Referring to Fig. 176, a piece of glass tube T ia taken and a lip L 
formed at one end. Two short lengths of thin platinum wire AK, 
Al), cut the exact length from a reel by a machine (at the rate of 
many dozens i>er minute) which simultaneously flattens one end as 
indicated at K, are firmly jointed to two rather thicker copper wires 
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Fio. 176.— Sealing. 
Ill BeAd rikI l>e- 
tAOh«^i FilMiiielit. 



C. The pair of compound wires CK, CD are then held a^xart inrid* 
the tube T, together with two additional platinum wires S in the 
case of high-voltage lamps with 'anchored' filaments, while the tube 
is heated to softness and the end B then squeezed witb 
pliers. This not only seals the joints A A just inside 
the glass bead B, Imt also an appreciable length of 
the platinum wires AK and AD. 

Costly as platinutn is (about £4 per oiince), it is 
the ord}^ material which has been successfully used 
until quite recently, owing to it haWng the same co- 
efficient of thermal cx{>ansion as ghiss, and being un- 
atfected by the heat of the blowpipe. Both are 
vital properties, especially the former, since with nearly 
all other metals the heating of the lamp would cause 
unequal expansion of the glass bead B and wires AK, 
AD, and result in the fracture of the bead. Recently, 
however, A. Bainville ij^kcirinen, 26. pp. 114-5, Aug.] 
22, 1903) and C. E. Guillaume {tilledridett, 27 
31, .Ian. 9, 1904) described the employment of nickt 
Bteel for ' leading-in ' wires in place of platinum, a? 
which is rapidly extending. The alloy can be ch< 
to as tu bavt' the same coettreient of dilation as the glass into whic! 
it is fused. 

The Hattt'ned ends, such as K, are then passed through a di< 
wlu'ch forms them into tiny cups, as indicated at I>, into which the 
free ends K of the filament F are eventually pushed. These junction^H 
which naturally atUin a very high temperature, have given con*™ 
aiderable troiible in the past on account of the beat^ so that two 
or three methods of making the joint complete have been devise 
The first to 1>b employed commercially consisted in cementing 
the ends E and D with a thick paste made of very finely ground 
charcoal, distilled water, together with coiirae sugar or starch in just 
sufficient quantity to bind the charcoal into a paste. The cement< 
joint was dried slowly, and was finally completed in the ne: 
operation. 

The method now commonly employed consists in inserting tl 
ends E in the cups D and then pinching the joint with pliers. A* 
this, however, would not be suflicient, the liUmient is short-circuited 
by a sjiecial bridge at the junctions and then, together with thes 
joints, is immersed in a fluid hydri>earbon, often benzoline or benxen« 
which is rich in carbon and easily decomposed by heat A suitabi 
current, sutficiently strong to make the junctions, such as D, glow. 
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then passed through them while in the fluid, resulting in the 
deposition of carbon^ out of the fluid, all round the junctionB, When 
this has gone on to a sufticient extent, the arrangement is t^ikeii 
out and a soli^l, compact, efficient joint uhtained. The supporting 
wirds or anchors^ such as S, in the cuse of long tilament Iiigh- 
Toltage lampSi are next hooked round the \oitps at H, H, and the 
fiUment with its attachment is then reiicly for the next operation, 

'Flashing' Process. — This k nn indispL'tisuhlu and most im- 
^nt operation in the manufacture, for on it depends the lifo and 
Iciency of the lamp. The object of it is to 

(tt) Coat the carbon filament with a thin layer of very hard finely 
divided carbon, thereby reducing its initial resistance (always very 
high) to any desired amount ; 

(b) Make the filament of perfectly uniform cross section 
throughout. 

The principle involved in the operation of fluskimj consists in 
raising the filament to a high degree of incandescence while in an 
atmos]»hore of some hydrocarbon vapour. The cross section of the 
filament not being uniform, for the pores in it as woll as tho uneven- 
nets can easily be seen under a microscope, the thinner pftrtinns 
become much hotter than the rest, causin*^ the carbnn in the vapour 
to bo deposited ii» much greater fjiuintity at such points, as well as 
in every little microscopin hole, thus making the section uniform 
throughout The want of homogeneity in the unflashed filament is 
due to the other constituents of cellulose being driven ofl' in gaswus 
fonn during the carbonising of the filament, leaving only pure carbon 
behind. 

The arrangement employed in flashing dirtcr-s somewhat in 
different factories^ while the hydrocarbon employed is ordinary 
ml gas, beozene, or some sp<->cial hydrocarbon, which in many cases 
il & trade secret. The general principb- of the arratigemcnt used, but 
not its precise form, may be gathered from Fig. 177, in which V is a 
strong, clear (though preferably coloured) glass vessel, having a rather 
wide rim on which rests a thick glass plate or lid L. The contact 
siu-faces are well ground to ensure a good fit, or rubber packing is used 
instead for making an air tight junction, ami the lid carries two terminals 
T, which are provided with metal rods or spring clamps I). A tube P 
with a tap A connects the vessel \^ with a t[uickacting air-pump for 
exhausting V, while the tube Q with a tap B connects to the source 
of hydrocarlion. In some cases t»niy one pipe to the flashing-jar V 
is used, this connecting through a two-way cock to the sources just 
named. So that the handle placed in one position evacuates, and in 
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the next admtU, the vapour. Two holes in the stalks D admit of 
the glass bead with its attached filament F being quickly hung up 
inside the vessel by the * lejidijig-out ' wires C as shown. Tb« 
terniinals T, and hence tfie lilameiit, are connecte«l in on© arm R of a 
Wheatstone-bridge arrmigement, the remaining three arms, r,, r^ r, 
being previously adjusted so that luiliince and no deflection on the 
sensitive galvanometer G is obUiined only when F has the desired 
resistance. The E.M.F. E used consists of a dynamo or battery of 
secondary cells giving from 150 volts upwards, the current being 
controlled by a raultiple-block varial>le rheostat lis. 

The operation of flashing is then as follows : With a filament 
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Fill. 177.— CoiiuecliunA Mid Amiigement of Fkahing. 

hung or clamped by suitable spring clamps in position, and 
coal gas or benzene va|)0ur, B is shut and A opened, when V is then 
exhausted of air. A is next shut and B opened, when V is at once 
filled with the hydrocarhon vapuur, which mpidly evaporates owing 
to the low pressure inside. In some aises the vapour is obtained 
by sprinkling a few dro[)s of a special hydrocarbon litpiid into V 
by a brush through the top, B being kept closed. V is now 
exhausted through P and the open tap A, which is then closed, and 
nothing but the vapour tills V. In all cases the air is fii*st carefully 
extracted from V to avoid explosions, ami when V is full of nothing 
but the carbon vapour, .-< is closed and F l>rought up to bright incan- 
descence by adju-sttn^ H and s. The galvanometer needle G is now 
harti up against the stop, and at the instant when it again arrives at 
its original zero, s is opened. Some makers employ an automatic cut- 
out for brojiking circuit, as at .s, when the filament reaches the desired 
resistance. 

The Jilanient F is now coated to a uniform thickness thrtmghout 
with an rxtremely finely divi<led, hani, comjKict pure earlx)n, wluch 
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every microscopic hole and, moreover, haa the required reaistauce for 
the given candle-power desired. The filament of a 100-volt 16-c.p. 
glow-lamp ahsorbing 3 watts per candle is. about 0'12 mm. in 
diameter and 200 n»m. long. Its resistaTico hot is aUmi 208 ohms, 
and cold about 116 ohms. The filament of a 2f>0-volt 16'C.p. lamp of 
the same efhcieiicy would be from 350 to 400 mm. long. 8ome 
makers use ntiflashed fiUments, which, having a higher specific 

■ resistance (ranging from 3500 to 5000 microhms per cm. cube), enable a 
200-volt filament to be enclosed in the standard 100-volt lamp-bulb. 
Teste have shoivn that stich filaments of 10-c.p. b>se some 40 per cent 

■ of the c.p. and 30 to 40 per cent in efficiency 
in the first 600 hours of use. This lass, of c.p. 
and efficiency in flashed filaments (which are lees 
volatile and are Btronger) is much less, and hence 
the best makers usts such filaments und employ 
a larger bulb to take tlie longer filament con- 
sequent on the diminished specific resistance 
(about 2500 microhms per c.c.) due to Hashing. 

The coltmr of the filament has n<iw changL'd 
from black to a steel-grey colour, and it is ready 
to be inserted into its cont^ining-globe. This 
glass globe G (Fig, 1 78) is blown to gauge fium 

■ tubing, and has an open neck N at one end 
pro\nded with two projections P, P at the side. 
The other end is drawn down to a fine liore M, 
to which is fused an enlarged stem R for at- 
tachment to the air-pump. The flashed filament 

F, with its glass bead B, is next inserted through the neck N of the 
globe G, and the lip L (Fig. 1 76) fu-sed to N with a good air-tight joint. 
The arrangement is then ready for the next operation, namely, 
exhausting the globe O. 

Evacuating the Lamp Bulb. — Many ditficuUios atteruling this 
extremely important piuL of the manufacture of an electric glow-lamp 
have, by experience, been either overcome entirely or minimised of 
recent years. It is of the utmost imfKirtance to obtain a aufticiently 
good vacuum inside the bulb, for the poorer the vacuum the shorter 
will be the life of the lamp and the smaller its efficiency. The diminu- 
tion in the life occurs through the uK^re rapid disintegration or 
voUtilisation of the filament wi evinced by the more rapid blackening 
of the inside of the glolie through the deiK>sition of carbon on it. 
The diminution of efficiency with a poor vacuum occurs by rejuson of 
the increased facilities for the conduction of heat from filament to 
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globe and thence to the atmosphere, so that a given abetirptiaii of 
electrical energy does not result in such a high tiUment temjieratiire. 
and iherefoit? also in not such a large proportion of luminous energ)*- 

The exhausting of the bidb is effected by an air suctioti-pumf*, 
various types of which are in common use, namely :— 

The Floiss or Geryk double-acting plunger mechanical air-purop» 

The Sprengel mercurial air-pump. 

The Barr ami Strtmd rotatory mercurial air-pump. 

As it will Ije more convenient to give the construction and action^ 
of these pumps a little later on, we may briefly remark here that th«<| 
lamp-bulb is connected to the air-pump used by the only remointc 
inlet or outlet, namely, the glass stem R. Usually several (six or mor 
lamps are exhausted in one operation, e:ich having its stem R fused, 
an air-tight joint, on to the connt4^tioH4Hhe of the pump. The pump is 
then started, the outside of the bulb being played on all over by a 
hand-moved bunsen-burner for the purpose of assisting the pump by 
ex|mnding and driving off residual air and \'apour. ^Mlen the vaciuim 
has reached a steady value, the filament is raised just to redness, and 
from this condition, very slowly, to some 30 per cent above full incan- 
descence, thereby ensuring a more perfect vacuum by driving off all 
gases occluded in the filament or other wires, the pump being l<ept 
going all the time. 

The vacuum should now be suftiriently gix>d, antl the portion of 
the stem M being carefully softened by a blowpi|)e flame, the lamp is 
pulled carefully otf the stem R and the current then switched off- 
Tho stem at M must bt* only just sufficiently sijftened to allow of the 
bulb being pulled away, otherwise the pressure of the outside air will 
cause an entrance at this point and the vacuum to be spoilt The 
lamps next undergo a photometric test in which the candle-power 
together with both watts and voltage absorlwid are determined, and by 
which the lamps are classitied and sorted. They are now ready to be 
capped, Avbich operjition will l>e more readily understood fr<*m a 
reference to Fig. 179. 

The Cap consists of a piece of brass tube M about j in, long 
and \ in. diameter, into the upper end of which is pinned a disc of 
vitrite, porcelain, or .some other hanl-aetling insulating muterial Q 
capable of standing heat and damp. Two thin platea of brass R, of 
either oval or sectur shape, are let into Q, flush with its surface. l)ei«g 
held mainly by little lugs W on R. Two brass pins V are let into the 
tube M at opposite sides about \ in. from the surface Q, and in some 
cases these serve also to fix Q in the tube M, the main object of them 
being, however, to support the lanjpwheu inserted in its holder (Fig. \^\)- 
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milting the cap on the lamp-liulb, thi- leadingoot whas C (Fig. 177) 
pushcil through siim]l holes drilled in R, a nni^rit such jis phtster 
of Paris ur other hard -setting iiiaterifil 
livable of standing hoiit and ilamp (shown 
shttded in l\, 17^) being used to Hll ui» the 
space l»etween the bulb and tube M. This, 
when set, securely fixes the caj>, while the 
^iaas projections F on the lamp prevent the 
cap being twisted oft' in the operation of 
inserting and wit}i<h'ftwing the htnip from its 
holder. The ends of the wires C are next 
Uent over into a little groove in R and 
lered flush with the surface. 
The cup of the hinip (Eig. 179) is made 
entirely of vitritt^, which is not only extremely 
hard and a gorxl insuhitor for Ingh voltages, 
but is unaffected by acid or other funie^*. 

The lamp again undergoes a photometric 
test for relative camile-power, voltage, cur- 
rent, antl watts per candle power, the firat 
two together with the trade- mark being 
etcheil on the Indb by hydrofluoric acid when the lamp is ready for 
sale after it is cleaned. 

It may be mentioned that many makers make an additional test, 
Ijefore aipjuti^, to that already named in order to see if the vacuum 
is goorK This consists in passing a discharge from an ordinary 
Kuhmkorff induction coil through the bulb in the photometer dark- 
room. The tint of the drdnhstntic ifhnv obtained, M'hich is .similar to 
that obtidnod in a highly exhausted radiographic tul)^^ forinH the test 
of the f»erfection of the vacuum. 

Etunigh has now lieen -said about the niiinufacture of an 
ordimiry electric glow-lamp t<i show the rea<ier what a complex process 
it is. It should, however, l>e remembered that only the principal 
Operations in the course of manufacture have been explaiiicrl. Many 
minor o|jeration8 and tests t4ike place in addition, an<l consjilerjdjle care, 
nttention, and precautions are tiiken to ensure the production of a 
iucceasful lamp and to avoid accidents in itj^ manufacture. SfMice, how- 
e\'er, will not permit of these little jiointf being explained, and we 
will therefore give some illustrations of the forms Uiken by finished 
lamp.*;. 

Forms of Glow Lamps. — Fig. 180 iilustratea & lamp made by the 
Kobertson Incandescent Lamp Company for use on 200 volt, circuits, 
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and supplied by the General Electric Company, of London, li will 
be noticed that the double-looped fihiment is anchored )»y two *Uyi| 
so thiit, not^nthstonding it being so delicate, it cannot dirK)|» 
short circuit if the laii»|) is used in a horizontal or oblique pofiti 
The miiximiini tliameter of the bulb of this lanip = 2i 
ins., while the over-all length from sealing-nff nipple lo 
the top of the cap is 4 ins. For lamps of higher Ciindlc 
power, up to and including the TiO-c-p. lump, the siira^ 
general ffjmi is niaintjiined, Imt the fsize slij^htly 
increases. 

The candle-powers of lamps ma<lo, sttx-ked, and used 
for ordinary lighting work by almost all nnikeni ;ire 
8, 16, 25> 32, 50, 100, and vipwaitls to 2U00 c.p. ni 
any pressure from />0 to 2.'jO volts. Ccrtfiin stjuirlard 
pressures — rjj, 100, HO, 200, aud 22<' — are, however, 
most generally in openition ; and lamps for pressures below 150 arc 
calletl low ivftinje lutnps, those for pressures above, hi(jh-rt>lt(nje lam/m, 

A lamp having a somewhat different arrangement of filament is 
shywu in Fig. 181, and is known as a rnlnciiHf himp or myhUlighl 
lamp. Tiie lunger of the two filaments is the normal one of the lamp, 
and gives 16 c.p. at 100 volts; but shnuld n snmller c.p. \ye reipiired, 
then instead of inserting an uneconomical resistance in circuit with 
the huup to diminish its luminosity, the shorter hlamonl can e^isily l>e 
put in series with the longei- one by slightly turning the lamp in the 
special Ump-holdcr shown, so that the pins in the lamp cap engage in 
the first notches seen in the holder (as seen in Fig- \^l they are 
engaging in the second notches, whence the longer 
filament would l»e alight). The eflect of this is to 
almost oxtinguish the light from the longer one, while 
the short Olio glows at full incandescence (2 J c.p.) 
aUnost as economically aa the longer one did at 16 
c.p, A grt'iit saving of electrical energy can thus Ije 
effected with such a lamp. Theae lami>s are also made 
for reilucing from 8 c.p. to '21 c.p. and for :!00-volt 
circuits, Tlic most ccouomical arratigenirnl is obtained 
wfien the au.xiliary larap-rtlameiit takes half ihe r.l>. 
(if the mains at full incandescence. 

Am>thcr arrangement rtf filaments shf>wn hi I'ig. 
182, and made Ity the Kobertson I^amp Company, is 
employed in lamps used for ship side-li/jhts m oi-der to 
conform with Board of Trade Kcgvilatinns. Two 
totally distinct but similar filaments, usualJy of 16 
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arranged in jmrtjlhl in i\ common bulb. Tbn^, if one breaks from any 
cause the other remains intact, so that the ptn'ttjanence uf the lii^ht 
does not depenil on one H lament. 

lu order to avtud having to anchor the tilanient of a high voltage 
Intup (e.fj, one for 200 volts, say) »ome uiukors employ two separate 
I00-7olt filaments in .^m<?.s aide by side in the hidb. 
Fig. 183 shows this arrangement in a well-known make 
of Limp, viz* the Bofiertstm^ where each filament gives 
8 cp. at 100 volts. 

Within the last few months Messrs. Veritys Limited 
have acquired the sole ageney for a new fumi of lamp 
called the ' Aston Bohm Uglit.' It con«if5Ls of an 
ordinary B.C. lami>cap, a combined opid reflect^jr anil 
tiuignifying-lens bid b of special design, and a specially kkj, i>i2, -shit> 
manufactured atid shaped filament inside the exhausted «'*«■'* '-'f-*'^ '-'""i'- 
bulb. Its useful life is s;iid to be l>etvveen 700 mnl 800 hours, and the 
actual c.p. in a vertical direction from 55 to 60, Since the ordinary 
16-e.p. OQ-watt lamp only gives a vertical c.p. of about 7.}, this new 
lamp will give a vertical illumination e(jual to about 8 nf the ordinary 
type, A tiaving of 60 per cent in the cost of energy and a very large 
inerea.se in efficiency is ebiinied, hut it unist be remembered that the 
illumination is in the form of a directed beam of light on a re<hieed 
This will, no doubt^ bo convenient in many cases, but since the 
consumes 150 watts with a c.p. of 60 as a maximum, the 
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wattB per candle, and therefore no 



greater than that of iin ortlinaiy glow-lamp. 

Another form of himp, made by nearly every maker, and used a 
good deal for street lighting as well as for other pur|>oseSi is that 
shown in Fig. 1H3, Jr. h^is a detachable opal glass 
rejector which slips over the cap and rests on the 
bulb. Two separate low-volt;ige filaments are con- 
necteil in snie^ t-o give a high vol tajj;e lamp for L*00 
to 250 volts, and the light is much more concen- 
traterl in a given diicction with them than from 
those with elear bulbs. 

High-candle-power lamps (up U.> 2000 (.p.) 
were originally intrcHhiced by the Sunbeam Lamp 
Company, who still arc the largest makei^ of them. They are no^v made 
by almost every maker, and are larger and more etheient than the 8n>aller 
184 sliows a 200- volt SOO-c.p. lamp with two filament* m 
idiored in the manner shown. Though less etlicient thjin 
so-called are lamp, they are sometimes to be preferred lo theft© 
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for illuminating halls, etc., owing to the softer colour of the light \tn\ 
to them requiring no attention. The largest electric incande^eni 
lamp 18 supposed to have been made by the Biyan- 
Marsh Com|>any for lighthouse work (vide Amrr, 
Eledm, U. p. 340, 1899). It had a cp. of 5000; 
two filaments in pirallel, talting 236 volt^ ond 3 
watts per candle. The fogpenetruting power of i 
such a lamp is much Huperior to that of an arcj^^ 
lamp. 

Frosting* the Bulbs. — In some cases the lower 
half of the hull* or pip^ as it ia termefl, is froste^H, 
all roil ml, smd in other eases the whole bulb, 
either compJetely or in any special tiesign. Tbe 
effect is a much more subdued and evenly diffused 
light, giving a more pleasant effect Uy the eyei? 
than a clear bulb ; but, as will l»e seen later, the 
device absorlis a considerable proportion of the light. 
Frosting was originally rlone by dipping the glass bulb into a solution of 
so-called while ticui prepaied by .slowly adding and mixing hydrotluorir 
acid with pure water and then adding small pieces of ammonium 
earlaniiite until all effervescence ceitse. The solution, now ready 
for dipping, must not be allowed to touch the naked skin, and, 
on account of its eating action on glass and most metals, must be 
nu'xed ami conUined in either copper or lead vessels. The lamp 
bull) is of course removed from the solution when the action 
has gone on long enougli to produce the desired degree of fro«tiii|^| 
Other methods have been proposed for both permanently and^ 
temporarily frosting, but that used nowadays, and the out* givin| 
the best results, is by sand'blit.si. This consists in holding the lamp ii 
the hand and continuously^ turning it about in front of a nozzh 
thrnuiih which is forced a continuous stream of fine sand. The 
operator's arms pass through holes in the sides of a l>ox having a gl 
front, and containing the jet. The sharp sand quickly scratches 
bulb all over and imparts a frosted appearance to it. In this way 
any pattern can be marked, by letting the sand impinge through m 
covering over tbe lamj) \vhieh is perforated with the pattern. " 

Coloured butbs are lai-gely used for theatre stage effects and 
illuminations, being either made from pure coloured glass or coloured 
by dipping the clear bulb in a suitable colour solution. This latter 
is prepared by dissolving aniline colour {t'.tj, blue, green, j^ellow, etc.) 
in ordinary collo<lion, thus forming a strongly adhesive dye which, 
while beinjr tmaffected bv water, can lie removed bv idcohol, 
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required. The buHi, befnre Hemg dipped iji tliis dye» must be 
ihorou^'hly cleansed ivom dirt and f^rease. 

Efficiency of Incandescent Electric Lamps. — So far we have 
said very little about this extremely iinijortitnt subject, which Tiinst 
now be considerofl more in detitil. Tht; offiuifiiL-y of ati electric lamp, 
such aa» for instance, that which wo havo up to tlie present been 
considering, is always spoken of, for commercial purposes, as the 
ratio of the tot;il watts absorbed by the lamp to the total candle- 
power emitted : in other words, as so many uvfts per candh\ This, 
however, is clearly the reciprocal of a ralii> which invariably denotes 
the efficiency of all other energy-transformitjg devices. Consequently, 
since in all such instances we have 



_,_ . n«oful cnerffv developed 

Efficiency ~ ^ -^ , - - . — A. ' 

total fiiergy absni l)ea 

le correct representation of the efficiency of a lamp should be in 
amiUs per mitl, i.e, its opfiml efficiency as a lightemitting and energy- 
transforming device. In view, however, of the (at present) almost 
uni%'eraal method of reckoning efficiency in watts per candle — an 
expression clearly meaning in-tllif'ifnqi — we must reluctantty retain 
the expression. To make some distinction, we shall term the xcuiiiy 
pif miidU the Cftmmtrriul f^JftcMictf, while the attullfs ywr waft we vriW 
call the optiral cftinenaj^ of a lamp. 

Now the efficiency of an incandescent lamp varies with its candle- 
power, 80 that any mention of efficiency withont stating the corre- 
sponding candle-power is meaningless. I'nforinnately, too, there is 
no simple connection between tliese quantities, the can<lle-powcr 
jncreAsing much more tapidly than the efficiency after the filament 
attiiiris about (me fifth of its normal luminosity. The actual variation 
will be readily seen from a reference to the curves E and E^ (Fig. 
185) of commercial and optical efficiency respectively plotted fi'om 
the results of a test on a well-known make of lamp marke<| 
* 200. 16. A.,* which, interpreted, signifies **200 volu, 16 c.p., class A.' 
This lamp was nearly new, and it will be seen that the eatidle- 
powei' liegins to increase more rnpidly than the effiricncy after the 
filament attains a luminosity of al>out 2 cp,, Inking approximately 4*r» 
watts per candle at the tiormal c.p< This, however, is by no means 
the highest efficiency at which the lamp can be nin, since by raising 
the voltage sufficiently almost any value of Matts per candle, smaller 
than 4 '5, can l>e obtained for a time. 

The /f/f" of the filament under such conditions diminishes somewhat 
rapidly, and conscipiently there is a certain efficiency at which any 
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particular lamp may be run, with a given charge for electrical merff 
supplied to it» in order that it may have a reasonable life. Such we 
may term the maximvm economical efficiency^ and ie that at which the 
cost of operating the lamp is a minimum. With the avemge cost of 
electrical energy in this country, no economy will be effected by onng 
lamps of higher efficiency, or consuming a fewer number of watts per 
candle, than 3*5 in lamps of from 8 to 50 cp. ; for the increased coit 
of lamp renewals consequent on the much-diminished life at any bi^ier 
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efficiency will oxceetl the siiWiig due to the smaller consumption of 
energy at tlie higher efficiency. The gieatei- the i)unil>er of watts per 
auidle consumed, the longer the life and the more constant and 
uniform is the cj). emittetl. Although the^^e gl()w-Iami>s ar« dot 
made with definite efficiencies ranging from 2 to 5 watts per 
candle at normal cp, and voltage, an efficiency of from 3 5 to 4-5 
watts per candle is i-ecommendeti hy most lamp-makers, and should i* 
employed, for reasons above stateil. 

Ni)t only does the life of a glow-lamp greatly diminish witk 
increase of efficiency, but also with increase of voltage, as is cleariy 
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itiiticAted in the following tiible of figures wIiilH are the meiuis of the 
respective results aljtnined from a lari^'e number of Kmlitertsoti iHtnps: — 
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Reviewing these results in, say, the wise of a 4 watts per t'wrnlle 
Umpi we see that an increase of *25 per cent in efficiency diminishes 
the life by aonie GO i»er cent at ncirriial caiidle-j>ower, Menre the 
variiition of life is out of all reasonable proportion to that of etbeiency. 

Further, the higher the etticienty the more quickly ia the lamp 
jlroyed on i\ |>o»>rly regulated circuit. In Fig. I ST* are given othei 
curves marke<l R, W, A, anti V, showing the variation of camlle-power 
with fihmient resistance (R)^ with power absorbed in watts (\V), with 
curi'ent through lamp in amperes (A), a»ul with voltage (V) at its 
termiiiAla ros{>e<'tively. These curves are intereisting as showing how 
much more rapidly the cuinlle-power increases than the resistiuice, 
watts, current, and voltage, after about one-eighth of the full luminosity 
baa been obtained. Thus from the curs^e V between c,p. and voltage 
we see ihat an increase of about 2i jier cent in the voltage at or alxiut 
it* normal value raises the c.p. from 14 to 16, or some 14 per 
c«nt, t>. a variation of 1 per cent in the voltage altera the c.p. by 
some 6 per cent at normal voltage, whieh is the ease with glow-lamps 
in general. 

By sligittly increasing the voltage above normal we can therefore 
obtain some increase of ettieiency ami a large increase in the c.p. 
emitted. The effect of so doing, however, is well shown in Table XIII. 
in the diminution of life which resulu**. On the other hanil, the life 
increases enormously as the voltage diminishes from the normal value ; 
but curves E arid PI,, show what a disaatroU)* effect this has on the 
efiiciency. 
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Api>aretitly, tlieii, the consumer may on the one hand escape Seylui, 
and, on the other, fall in Charybdis if not careful. This leads m 
to what was mentionod on |>age 310, namely: — 

Maximum Economic Efflciency. — This, as we have already remarked, 
is the efficiency at which the cost of operating the lamp is a minimum 
and at which tlie best all-round results are obtained, but is not tbe 
highest efficiency nt whii-h the lamp can be used. To be able Uj 
investigate this further in the ease of any particular make of lamp, it is 
necessary to know the rate of variation of the life of the limp wiih ita 
commercial efficiency. Such a determination is usually lengthy, laljor 
ious, and expensive, entailing as it does life-tests on batches of the 
same type and make of lamp run at various efficiencies throughout. The 
results of such a test are given in Table XIIL for the Robertson lamp nui 
at commercial efficiencies ranging between 2 and ih watts per candle. 
It shouUJ, however, be borne in mind that a similar test on another 
make of lamp might give very different result*. Knowing, therefort*, 
the following items : — 

(1) Net cost of a new lamp to the consumer ; 

(2) Average life of the lamp when burnt at various efficiencies ; 

(3) Net cost of electrical energy delivered at the meter — the total 
cost of the lighting can easily be c^-ilcuhited. 

If E is tlie commercial efficiency in watts per candle at which the 

lamp is used ; 
K^ the r.'Hidle-power of the lamp : 
T, the time in hours for which it is u.sed ; 
L, the life of the lamp in hours at the efficiency E ; 
P^, the net price or cost in pence of electrical energj^ per B.O.T 

unit bo the consumer at the meter ; 
P/j the net price or co^ in pence of a new lamp to the consumer — 

P* T K K T P 

then tlie cost of lamp = -^ pence, and the cost of energy - ' i^o~' 

pence. 

If T be taken as one hour, then the above costs will l>e in pence 
per hour, which can at once be calculated. Taking a practical example^ 
we will assume that for a Rohertson high-voltage 1 6c. p. lamp, P/- 17 
pence, and that L has the values given in Table Xlll. at each etticienty. 
Let the cost of energy P„ be 5 pence, K being = 1 6 as above. Then on 
calculating e^rh of the above cost^ for each valufi' of E between 2 and 4'.^ 
waits per candle, and plotting them in the form of curves, we obtain 
the curves A showing the relation between lamp cost and M^atta por 
candle, and P showing the relation between cost of energy and watts 
per candle, which latter is a ettflight line. Addirvg the oTdirwites (>.<7. 
Pt^ and PR) of these curves together at different points nlong the 
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abscissae {e.g. at P) we obtain a third curve F of total cost in pence of 
running the lamp for 1 hour. The lowest point M of this curve 
gives the minimum total cost per hour, and the commercial efficiency 
(2*5 watts per candle) corresiwnding to this point M is therefore the 
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Km. 186.— CtiivM Hhowing Maxininm Economic Efflclency. 



efficiency at which the total cost of operating this lamp is a minimum, 
or the maximum economir. ffficiennj. 

If P, is tJiken as 3jd. i)or B.O.T. unit, the cost of lamps and 
other items remaining the same, then curve A will be as before and B 
will be the new ' cost-of-energy ' curve. The curve of total cost is now 
indicated at C, the mininnim value of which is N. Hence the 
corresponding maximum economic efficiency is 2*75 watts per candle. 
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In this way it ctm he shown that as the cost of energy diminishei^ 
the portion of the total-cost curve to the left of the raininuira point 
becomes steeper, wliile that to thv right bccomea more nearly horizontal, 
and hence very fl:it Thus when energy is very che^p a considerable 
Yariatioii of efficiency tiiukes very little difference in the total cost of 
operation, therefore the hmip tuny be operated at a larger number of 
watt-s per r-antlle, and it^ life thereby prolonged considerably. 

The foregoing deductions are 8o important to the consumer that 
they may Ihj otherwise stjited as follows : — 

With energy at 5d. per unit, the ordinates of the curves D and 
A show that the cost of energy is a much heavier item than the coil 
of lamps. Conse<tuently the consumer vnW gain by economisitig in 
electrical energy at the expense of a greater number of lamp renewals. 
This is effected by using high efficiency lamps of the same cp. (Uikinj,' 
in this ciiae 2*5 watts per candle). 

Again, with reference t<5 curves A, B, and C, the ratio 5^ = 0*21 

nearly, and for curvt^s A, D^ and F we ha\o -yvi - ^'-^ approximately. 
These tigures show us that for an installation using the lamps in 
question the total cost will l>e a minimum when the cost of lamps is 
about 21 per cent of the tot;il cost This meariH that if the lamp bills 
are less ihan 21 per cent of the total cost, higher efficiency lam 
having a shorter life should be used so as to bring the lamp bill 
to 21 per cent. The o[>i)usite is of course equally true, but it m 
not Ik; forgotten that the above reasoning might not necessarily h 
good when the maxinuim economic efficiency of a complete elecl 
light plant (including engines, dynamos, etc.) is considered. 

It may here be remarked^ as a set-off to the preceding considei 
tions, that ihe Rol)ert«on Lamp Company recommends an efficiency 
4 watts per candle (w,p,c,) for lG-c,p. high-voltnge lamps, and 
w,p.c. for lamps of 8 c.p. and less. The Sunbeam Lamp Company ti 
their sUiudard effieiency at 3*75 w.p.c. for c.p/s bot^veen IG and 
and 4 w.p.e. for H o.p. 1 uuf ii. 

Life of a Glow-Lamp. — This, as we have seen, depends on 
efficiency at which it is worked, i>. on the tempemture or degree of 
inctttiflescence tti wlueh the filament is run. 

P. , Janet * haa determined by electrical measurements 
temfjerature of several 10-c.p. lamps t-aking 0*65 ampere. From his 
results it wotdd seem that the temperature at mtrrtud c.p. is ab< 
1620. 

Mr. Carl Hering and subsequently Mr. \\ caver have discussed 

» Co»w/*/rt» fttuthtt, li>6. pp. 734-736 (18d8), 
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detail the rao.st ecofjomical life ;i-s well m the totil life of a lamft. 
relations deducilile from such consider.itions are purely uniipincu!, 
tttifl depenH on the increase in the watts per candle per hour, whieh 
%Tiries with each make of lamp. Professor Thomas found that the 
cfHcieney varied at a rate corresponding to an increment of 003 watt 
per CAndle per hoiir for lamps up to about 100 volts, and was very 
fairly uniform. This increivsc in the watts per candle per hotir would, 
however, be greater in the ease of a 200-vi4t lamp. 

li several lamps of the SJime type and make are am at dirterent 

voltages V, it is found that the average life is proportional to y^ Le. 

to V"**, while the optical efficiency E^j is proportional to V* imd amounts 
lo only al>out G per cent or 7 j>er cent for the type of lamp so far 
oonsiderod. This efliciency, though small, is somewhat higher than that 
of ati ordinary gas-lnnner. If C is the current throuL^h the lamp, it is 
found that the candlepower is proportional to C" or V'* ; whenee the 

life will be proportional to yj.^ and to fTrpa.aA, whore CP is the candle- 
power. It must be deJirly understood that these relations are only 
ap|»roximate, and will vary somewhat in diffeicnt lamps. 

E. \V. C. liailey,^ in an exhaustive series of tei^ts on 2*2U-volt Hj-c.p. 
lamps of diflereiit forma and makog, finds that the useful life of the 
lamps is from 450 to 500 hours, which is about the same as a 3-w.p.c. 
lOO-volt life. On the other hand, (J. \. Williams, in a paper read in 
June 1901, an ahridgment of which is given in the same journal of 
August 10, 1901, jj^ives results of tests made by several supply 
comptinies, with life curves, and states that several batches of 220 volt 
lanif»s had an average life of 750 to 9S0 hours without losing inore 
than 20 per cent of their rated c.p., and taking 4*18 to 4'fi watts per 
candle. 

Uniformity of Filaments. — Although the oliject of flashing a 
filainenl is to obtain a lujifonn cross section, this is seldom obtained, 
the mean diameter of the HlanieJit close to the {jlatinum mounts often 
being from 25 to TjO per cent less than at the bnttom of the loop. 
This is ea&ily explained by the fact that, in flashing, the hottest 
fmrts obliiin the greatest deposition of carbon. Now the temperature 
of the filatncnt near the mounts is less than At the loop owing to the 
comluction of heat along the platinum wires*, coiise<pjently leas carbon 
is deposited here. 

Causes of Failure. — The two main causes of failuie in ordinary 
low-lamjfs nuiy he owing to — 

(I) A badly Hashed filament or one of non-uniform section, the 
* HV^A BftctH. 30. p. 425 ; Di«ctU9ioi], pp. 425. 420, Jiidv 14, 1^02. 
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thin parts becoming raindly thinner^ due to volatilisation cauAwlbv 
reason of their higher temperature ; 

(2) Pool" vacuum, causing the filament to rapidly disiutcgrute, ami 
which can be detected by the iinpossilulity of keeping the haml on 
the Imllj when the lamp is in use owing to it boing so liOL 

To these may he added others, namely : — 

(3) Air leaking into the bulb at the platinum leading -in 
wires ; 

(4) Excess voltage, causing the filament to glow to dazzling white- 
Tiess and rapiilly disintegrate ; 

(5) Bad joint between filament and leading-in ivircs ; 

(6) Lo<^>se caps. 
It is folly and mistaken economy to use che^ip lamps of poor 

quality. The quality of a lamp can best be gauged by seeing the 
mndk-hoiti's given out before the c.p. falls to i^O per cent of its initial 
valuGj at which stage many central-station engineers consider the lamp^i 
to have reached the end of its u.^fful lije^ and that it should 1w replaced^! 
by a new one. If an average useful life of 600 hours ii? assnmetl, then 
an inferior lamp often gives only 00 per cent or 70 per cent of the 
candle-hours of a good lamp. The small difference in first cost 
between a good and an inferior lamp is f|uito insignificant compare<l 
with the eonesponding difference in the co«t of the useful candle-houi*s 
in the two cases. From this it follows that the pn^i^er renewal of 
lamps with time of us*^ is a matter of tlic greatest importance to 
consumers from the point of view of economy. 

The blackening of the bulb is supposed to be due to the deposition 
of Kirbon on its insid*', the filament slowly vciIatrHsing at the high 
temperature and the vapour becoming deposited on the colder surface 
of the glass. Some authorities, however^ assert that the lilackening 
is largely a chemical eflect, and is responsible for- \ery little of the 
drop in c.p., most of it being due to the alteration in the area of 
the filament surface. Further, that the deposit <loes not depend on 
the degree of exhausticin. Cheaj* lamps exhibit this effect, however, 
in a marked degree, owing, it would seem, to the usually |>oor vacuum 
obtained and probably imperfect flashing, the result being a diminishing 
eliicieney and light, owing to absorptirm of light by t!ie blackened bulb 
coupled with a smaller current and therefore filament- temperature 
caused b}" a thinning of the filament. W, M, Stine states that the 
loss of c.p. ia due to the repeated heating of the filament annealing 
the outer layer of carbon obtfiined by llaslnug, thus making it more 
amoi'phous with greater crtiissivity and lower temperature. 

The effect of 'fire-damp' in fiery mines on glow-lamp filametits 
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has been investigated by 11. L'ouriot and J. Meniiier,* who iiiLroduct?d 
a mixture of fire-damp and air (9"5 per cent of methane) into thi' 
bulbe of from 15- to llO-volt lamps taking variotis cmrcivts up to 
2*15 amperes. With none of the lamps in which the filaments were 
not previously broken was there an exidosion with the most ex])loaive 
mixture, though the fihimeiits all burnt out. The authors, however, 
managed to explode a mixture by a succession of the spjirks caused by 
the ends of a broken filament coming together when shaken, hut in 
no case by any incandei<eent metal or carLiou wire. Thi« is an 
im{K)rtant matter for mitiitig engineers, as jiroving the safety attending 
the use of glow-lamps in any mine, 

Silicon Carbide Lamp. — This himp, invented by Langhans, was 
introiluced by the I*romier Electric Lamp Syndicate. It diiiers from 
the ordinary awbon-filament lanip in the treatment and composition 
of the tilnment. Silicon in the form of a fine amorphous ]>owder is 
mixed with the celluIo.«ie, which has been treated with either sulphuric 
»cid or this and phosphoric acid together. The filament is then 
formed in the usual way and carbonised by being surrounded in a 
muffle with powdered erirbon and titanic arid to protect the silicon 
from any traces of nitrogen that may be present. The tem|>erature 
is raised hi|j;h enough to cause the carbon and silicon to combine, and 
the filaments arc finally flashed in a vapour coritiiining these two 
non-metals. It is claimed that, owing to the high refractory nature 
of these filaments, they can ^m nui at a higher temperature,, and 
therefore a higher efficiency, than can ordinary carhr^n fihunciitjs, and 
this without blackening of the bulb, etc. 

llio Crawford-Voelker incandescent lamp has a filament uf 
titanium carbide and is bifurcated, the two ends of the filament 
being separated by glass which prevent.s any discharge at the higher 
pressures. 

Siemens and Halskt have demised a method of making filaments 
of tubes, drawn oi- rolled out of tiuit.-tfum or niobium, which can be 
filled with con*iucting substance. This firm have also used a mixture 
of thorium witli thorium carbide fur filaments, filaments of thorium 
alone being mechanically weak. 

Osmium Lamp. — This is an incandescent bmip of moilern origin 
having sotue viiiuable properties, and is the invention of Dr. Aner von 
Wclsbach. It differs from the ordinary carbon- filament lamp in the 
compr)Bitiou of th<> filament, whicif, however, is also enclosed in a 
vacuum. The filaments are made by niixing finely divided osmium 
with aoot and adrling a solution of Ciine-sugar, grape-sugar, and gum- 
» CompUx rendus, 127, pji. 559-561 (U»8). 
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ambic to form a |);iste, which is then forced through rliainond dici^ 
Metal and glass dies cannot be used owing to n harmful effect m 
the fihimeiU. The ti laments being of somewhat low resistance, it i* 
ditticult to make the osmium lamp for high voltages owing to the 
length of filament require*! for such. The filaraentj which is very 
hard and brittle and of dull greyish colour, tends to warp, hm il 
lia5 been found possible to make lamps of '2n c.p. at 4 volta. They 
are made for pressures up to 75 volts, a 32-c,p. lamp being the smallest 
size at this voltage. This size has a filament about 40 cms. long and 
O'l mm. diameter, with a specific resistance at bright yellow heatol 
IO'C.G.8. units, and takes only I*o watt per c.p. Fig, 187 shuwi 
an osmium lamp as supplied by the General Ellectrlc 
CnmiKiny of Londuo. As seen, the filament C4>n8i8ts of 
three loops in series with one another, and each anchored 
at its lower end. 

In rivcent tests tin* c.jk of a I'.j-vv.p.c. lamp was fouiiil 
to rlimiriish some per cent after lOUO hours^ while the 
life was over '2000 houi*s. Wedding found the average life 
of eighteen lamps which he testeil to be 11)00 houn, 
though some ran for over 40(i0 hours. The lamps ou 
the average took 2'1 w.p.c. with a losjs of 20 per cent in 
c.p. to the end of the test. In another test a 30-c,]». 37* 
volt nsmium lamp taking 1*46 w,p,c. gjive 24'2 c,p. after 1299 hours 
and took 17 6 w.p.c, and after 3132 hours gave 2 3 7 c.p. Uki 
1*78 w.p.c., the current being 1^19 ampere at starting ami 113 
the end of 3132 hours. 

One im]jorlant feature of the usmiuni lamp is that it is C4i| 
of withstanding an increase of voltage of from r>0 per cent to 70 
cent without lmrnir»g nut, whilst the ordinary carbon-fi lament lamp 
could Tuit stand a 10 per cent incrciise ove^ the volt^age for which it 
was made for an eijual time. The colour of tlio light in the osmitun 
and c4ubon-fil;traent Ijtjnps is much about the same, while the rela 
l)etween c.p. with amperes, volts, watt.% and efficiency respectively 
shown in Fig. 18.'>, is also similar. The filament resistance, howc 
f>f the osmium lamp innrnses^ whilst that of the ordinary carbon la 
t/t'cTr<t>w, for increase of current. 

An intorestiug point is raised in connection with the temperature 
the filament. II. V. \\'v\k'\\ in ISOl, ^showcd that the aVisolute temp 
ture of the carbon filament under ordinary conditions hiy between 15 
and 1620", and from ^\j to 1 .] times normal brightness the cha 
of temperature amounts to simictbing like 180'' oidy. Now in 
osmium lamji, aeconling to Lombardi, the absolute temperature 
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under normal coiiditjons, al>uut H.'i'i ; and therefore it would fippear 
that the osmium lamp with m lower temperature baa a higher efficiency 
thun the ortliiiiiry carhon-filanieiit lamji with a higher terapenit^ire. 
Comparing this with the statement on pugo L*97, it wouUl seem difficult 
lo balance the two, smd more thun one leiu^on has been suggested to 
account for it. 

The absohite teni]KTatme T is deducible from the relation 




Tt^' = 



C.V 



1 



Ky is the I'adiation constiint, which Lomlmixli finds to be 
O'0UO01C4 for osmium lampe, and Weber tinds to be O'OOOOlTl for 
black carbon and OOOUOISU for grey or graphitic carl^K>ri. J I'cpre- 
sents Joule's equi%"dent, S the radiating surface of the fihiment, C 
the current, V the volts, K a constant for nil solid bodies having the 
value ()"0043, t the Napierian logarithmic l)ase = 2*71821^. 

An interesting paper, companng the optical efficiencies of different 
fonus of lamps together with the colour and spectra of the light, is 
given by W. Voge {vid<' fnotnute, p. 2U5). 

' Osmi ' lamps, as they arc now brieHy termed conmiercially, are 
run three in series for low-vultage iiiid five in serit-A for high-voltage 
circuits, each b-»tch comprising lamps of tl»e same voltage and c.p. 

Evacuation: Air- Pumps. —We nuiy now turn our attention to the 
ways and means for pnxtucitii; a vacuum in electric incEindescent lamps. 
While this v.icuum should i>e as goij^l as possible in order that the 
loss of heat by conduction and convection from the filament to the 
bulb may be minimised, the vaeunm oht/iined in f^uch lamps is far from 
heing a /><?A/<t7 one. lm[novtMnctits in air-pumps, by means of which 
vacuum is obtained, coupled with various expedients resorted to in 
their application, have resulted in much better vacua being obtained 
more ex[)editiouily now than some few years ago. The many forms ^ 
of air-pumps may be broiidly classifietl as follows : ( 1 ) Mechaniail 
pumps, non-morcurial ; (2) Mercurial pumps, non-raechanicat ; (3) 
Mechanicjd rnt^rcurial pimaps. 

tJf the purely mechariicid typos of air-pump, in which no mercury 
IS cniploytMl, it will suffice to take the now well-known /'/rwvs 'Geryk* 
mctiiitin-j'unip made by the Pulsometer ringinfcring Ctimpiny, of 

* Dfiulilp'^tcting luercun- pump {ZeUmhr. I,i:ttrnmf»trnk, 23, itp. 47-41*, Feb. iy03) ; 
atitiiniJfclK: iiMTCury-jft ttir-pump {Ann. tl, J'hi/jnJk, 10. 3, pp. 6:^3-646, Fd». li*03) ; 
iiicrcury rniAr> oir-punip for vm imiiis of n-o'artjj at tuosphorc {X. Vimrntu, h. pp. 233-24'i. 
April 19031; nutmimiic luercury vacuurupiuiip, TorpU«r {y\it^ {f'fiil. Ma/j, ti, ]»p. 51«W 
322, Sept. lyO»J; meixury vacuMUi-pump (X Cimutito, 1, pp. 187-189, Mtireh l&Ol). 
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Uoading, anil which has a reciprocating motion. Mechanical pusi] 
prior to the introduction of the Gervk form some eleven years 
could not 1^ depended upon for producing a vjicmim of leas than 2" 
millimetres off jierfect. This degiee of vacuum was of course uselc 
for electric incandescent lamiTs, and therefore such a pump was on( 
used in the manufjicture in conjunction with a more efticierit pui 
(p. 324). 

The general ajjpeanuiee of a (jtiyk air-pump of the so-called dupi 
form, which is one very common form of this pump, is illustrated in Fi^ 
188. The principle on which it works, together with the construction, 




Fio. Itftf.— DuiJtex Ueryk Air-Pump. 

will l>e understowl from a reference to Fig. 189, whicli h a sectiorul 
elevation of one of the cylinders — the right-hand one» the other being, 
huwevcFj precisely similar, except that it has no pipe at th»j t^p end. 
As seen, each complete cylinder is made up of two halves, provided 
with flanges, which are bolted together with air-tight jiacking between 
them. A central pistoniod passes or works through a atiitJing-box at 
the top of the cylinder, and carries a piston of peculiar form at the lower 
entl. This piston consists of a cup-shaped casting screwed on to the 
lower end of the piston-rod and carrying another small flanged casting 
which is partially enclosed by the cup and which contains a valve £. 
Between the rim of the cup- and Hange-shaped jiiston castings is 
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|>eil a leather bucket C, which is an easy fit in the cylinder and 
is kept lip to the walla of the cylinder by the pressure of the oil J in 
the jintiidar space l>. The suction- 
pipe A, leading to the receptJicle 
to be exhausted, conimuniL\ites with 
the cylinder jJaove the piston 
through an air-port B. 

An air-pipe F communicates 
from A and B to the under side of 
the piston, and is for the purpose of 
relieving the piston un the Hrst 
few strokes. The piston-rr>d works 
frrfUf through both a combined 
fttufiing-box I and delivery-valve 
collar G situated at the region of 
the joint between the tuo halvee of 
the cylinder. It will be noticed 
that an air tight jninl between the 
8tuffiug-l>ox and piston is iiiudL' by 
mcAns of an hydmulic collar 1» the 
flange or face of which is presst-d 
dow^l on its* seating by a spring K, 
and so covers and makes an airtight 
joint l)etwee;i the valve-collar (i ajid 
annular casting H. Tiie aiiaui^e 
merit thus forms a frictionless equiva- 
lent of a istutfing-box and delivery- 
vaive combined. A special oil, 
having ii very small va{K>ur tension, 
is conUiined in the upjHM- half of the 
cylinder over 01 u|» to ihi* MvrfHow 
level of the oil - Hiiing plug h. 
Similar oil .1 cover* the pi»ton (ut its 
lowest |K)int of travel) lo just under 
lite level of the port B. 

The AchoH of the pnuip will 
now be c^uiily iinderstocKi, and is as 

follows: — When the piston is at the bottom of a stroke there is a 
perfectly free opening from A to R As the piston rises the port B is 
cut off and the cyliiidcr f»dl of air is irresistibly carried up to the outlet 
valve G, No air can by any possibility ^ct Imck past the piston, as 
the piatoti is covered more than half an inch deep with oil. As the 
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piston continues to rise and the pressure upon it increases, so 
leather bucket C is forced more tightly against the walls of 
cylinder. Whatever oil gets below the piston is immediately pick* 
up thi'ongh the valve E when the {>istoii gets to the Inittom of 
stroke again. The piston-VHlve E only moves when the pump hegir 
to exhiuist, and is quite inactive when the vacnum reaches about 
mm. less than perfect. When the piston is at the top of its stroke 
is in contiict ^vith the valve G and lifts (t J in. off its face, giving |] 
free outlet for the air But there is so much oil on the pist^jn that si 
considerable quantity of it is foroecl through the valve at G, driving all 
air before it. While the piston is at the top of its stroke the \;Jve 
cannot close, and the oil at J and in K becomes, for the time being, a^H 
one liody, so that no air can possibly return although the valve is fullj^| 
open. As the valve G ie resting on the piston it «i»inot close until 
the piston has made \ in. of its descent, and consequently oil equal to 
J in. in depth will have entered the cylinder ready to be discharged 
behind the air upon the next upstroke. ^ 

From the abuve description it will be seen that all working jointt™ 
are liquitl -sealed and self-adjusting, and therefore the vactium ii 
independent of tight-fitting mechanical pi.stons and of wear. Also all 
valves are automatic, so that the air meets with no resistance at all. 
There is no cleanmce space, and both the suction and <lelivery of air 
is absolute, however slowly the pump is worked. J 

With a single-cylinder pump a vacuum within \ of a miUimetrtf* 
can readily be ohtidned. With a double- ur duplex-cylinder pump, 
such as that shown in Fig. 188 with the two cylinders in series, i.e. 
with the second barrel exhausting from the first, a very much higher 
vacuum can be produced. With a good drying-tube a vacuum within 
TtrVif P'^'*'^ *^^ ^ niillinietre less than perfect (measuied on a large 
M'Leod gauge) has bt'eii uhtained with such a pump. ^ 

The Geryk vacuum-pump is largely used by incandescent clectri^d^ 
lamp makers both for ' nnnjhimf out' prelitntnary to final exhaustion by 
means of the next pump to be described, and also for final exhaustion. 
The size of pump usually employed by them is that listed m Duplex 
B and shown in Fig, 1?^8. The diameters of the cylinders of this 
pump are each '2h ins. and the stroke of the piston 5 ins. The time 
taken to get a vacuum depends o»» the size of the vessel to he 
exhausted and the degree of exhaustion required ; Init the alx)ve 
pump will exhaust about a* much in one niinute as a Sprengel mercury 
pump (p. 3*24) will in an hour, while giving a vacuum comparable with 
that of the Sf)!"engL4. It hris the further a<ivaiitagcs of requiring very 
little power to work it owing to friction being reduced to a minimuna»j 




VIII 



ELECTRIC INCANDESCENT LAMPS 



323 



and of Keing nble to hold a vacuum for any length of time. The speed 
of the fly-wheel should be from 35 to 40 revolutions per minute. 
A drying- bulb containing phosphoric anhydiifle must always be 
insei'ted as close to the pump as possible, and between it and the vessel 
to l>e evacuated, for it is as imjiortant to keep the pump-oil fi-ee from 
water vapour as the vessel to be exhausted (ruk p. 327). 

The Geryk pump is ako made in sizes up to a capacity of 100 
cubic feet per minute; which size, ha\ing two IS-in. and two 9-in. 
cylinders, requires only "2 h.p. to drive it. The Duplex pump 
worketl with the two cylinders in parallel, i.e. both exhausting 
from the vessel, a vacuum to within 02 5 mm. can be obUiined. 
When worked with the two cylinders in series, i.c, one exhausting 
fiom the vessel to be evacuuted and the other cylimler exhausting 
from the first, a vacuum something like ^jrnis 'i™'"- ^^^s than perfect 
can be obtained witli clean dry air. Cyliuderw in pjindlel exhaust 
twice as much air in a given time as when in series. 

Turning now to the second class of pump, it should be remembered 
that while several kinds of non-mechanical mercfU'ial air-pimips have 
Jt^een devised from time to time, that known as the SjireniH'l is the most 
pilidely used. The form or general arrangement of this air-piunp 
varies slightly, however, with the firm employing it, fait the form aa 
used at the present time by one al the largest lamp manufacturerH in 
this country is shown <liagramraaticaUy in Fig. HMJ. It consists of a 
connected system of glas.s tubes, bulbs, and cisterns condiined with 
»ome convenient form of ipiickacting mechanical air-pump which is 
in communication with tube P direct and with C through an additional 
valve not shown. Some five or six glow-lamps, only one (L) of which 
i» shown, are simultaneously exhausted, being fused to the glass nipples 
N of a cro88*tube H, which is in communication with the pump-head 
M through a drying-tube T containing some highly hygroscopic sub- 
stance such as phctsphoric anhydride (as a drying agent). The pump- 
hedit] M comprises an oui«r tube through one end of which is fused 
an inner tulje fi pro\ idcd with five or six jets jiointing downwards. 
To the outer tube, and opjiosite eiich jet, is fused a fall tube F about 
8 ins. long, the lower ends of which are fused into a cross-tube Q 
leading to the reservoir D. This communicatcH with V and another 
reservoir E through a nonreturn valve V in the form of a Hoat-tap 
Irhich allows mercury to descend but not t** (1(.av upwards. A bulb 
C is in communication with P, the pump-head M through an air-trap 
A, and a larger reservoir E through a pipe B about 32 ins. long. 

The action of the pump and operation of exhausting is as follows : 
Hie mechanical pump first exhausts to the limit of its ability, 
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depending on the type of pump used (up to 28 ins. of mercury for the 
ordinary plunger form ; much more in the case of an oil-sealed Fleiw i 
pump, which is always the type used). The upper portions of the 
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Fn;. ICO.— I'liuciplo of Sprengel Air-Pump. 



system, inchuling lamps L, are exhausted through P and the reservoir 
K, above the mereury in it, and through the valve not shown, this 
operation being commonly known as rourjhing out. Mercury now 
Hows l)y gravity out of 1) into K through valve V. Air is next 
automatically admitted to E, the mercury in which is then forced up 
the pipe B into K, when it falls by gravity to M, and through the jets 
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in Ct into the fall-tubes F, and thenco into the tube Q and reservoir 
D again. 

The mercury hjia thus completed a cycle of motion in the path 
of the arrows, but it flows through each jet in G in a stream wliich 
is more or less discontinuous, l^^ch element of the stream miiy be 
regarded Jis a little piston which takes with it, and pushes before it 
down the tubes F, a globule of the air still remfiining in the bulbs L. 
These globules collect in D and are token away at P in a continuous 
manner by the mechatjical pump, which is kept running all the time 
The residual air in L m thus extracted little by little. If C is now 
connected to the mechanical pumj> for a few moments, E is exhausted, 
and mercury flows out of D into E again, to be once more forced into 
K ort admitting air at C. The mercury thus raised to K again falls 
through A, M, F, and Q into B, to be used over and over agjiin. The 
residue of the air in the bulbs L whicli the mechanical pump could not 
remove is thus rapidly extracted^ and at the final stage the bulbs L 
are gently heated by gas jets to vaporise the moist air clinging to the 
inner surface of the bulbs, and which is the chief enemy to a complete 
or pei'fect exhaustion. The filament is also made to glow to some- 
what over normal brightness to get rid of occluded gas in the filament 
and wires, etc. The drying-tube T is necessary for drying the air 
as ranch as possible in the bulbs L and that pissing to M. Any 
particles of air which might pass from K towards M are trapped in 
the upper part of A. 

The time taken to exhaust the bulbs L from first starting the 
pump to sealing the bulbs ofi' from the nipples N is al»out twenty 
minutes when a Fleuss * tieryk ' [lump is used for roughing out, 
and the vacuum obt^iined is almost abstjlute in the case of such a 
pump as the al)ove. As the degree of exhaustion goes on, the noise 
of the pellets or drops of mercury striking on*^ another in the fall- 
tubes F increases. When the noise or clicking of these ceases 
to increase, the vacuum is known to be sufficiently good and the 
lamps are sealed ofT one. at a time. 

The arrangement of pump shown has the advantage that the 
operator is secured against the poisonous vapour given off by mercury 
exposed to the air ; for, as seeii^ all the mercury is completely enclosed. 
This is very important, seeing that in most of the large lamp factories 
several tons of mercury are in circulation through the many pumps 
employed, TJie means employed by different manufacturers for 
proilucing the circulation of mercmy — in other words, for raising 
the mercury from the bottom re5er\'oir, such as E, to the top reservoir, 
as for instance K — vvkvy somewhat. 



326 



ELECTRICAL ENGINEERIXa 



CH4? 



The only important example of air-pump coming under the lust- 
named class given on page 3 1 9 is that devised and put on the market 
recently by Professors Barr and Stroud of Glasgow. This mechairuiil 
vacuum-pump is purely of a rotatory type and contains mercury, which 
features distinguish it clearly from the Geryk mechanical \'acutiin 
pump. 

The construction and action of the Barr and Stroud air-pump is 
simple and in many ways novel, and will be understood from a 
reference to the sectional end and side elevational dniwings of one of 
these pumps as shown in Fig. 191 (I. and IL). It consists of a 
somewhat Hat-shaped c4ist-iron box or receptacle A, the lower half of 




Fia. Wl.— Barr and Stroud RoUrjr Alr-Pninp. 

the ends of which is iiearl}' semicircular and is provided with a foot. 
Through a. hollow boss of rather special design about the centre of one 
side passes a sliaft (^ which terminates in a boring in the opposite 
side that does not go through to the outside as seen in Fig. 191 (1.). 
Against the Imse of the coned collar- seen on this shaft is pressed 
suitable pjicking P by means of a flanged nut. The shaft is rotated 
by turning the V-grooved pulley H either by hand or by a round l>elt 
from a small motor. This pulley rotates on the outside of the hollow 
boss and drives the shaft by means of a pin in its side engaging the 
arm C fixed to the shnft. Mounted on the shaft inside the 1m>x^ and 
driven by it, is a rather wiile ciicular disc G, which is flat on one side 
and terminates on the other in a peculiar-shaped boss having an 
annular recess in its periphery, as seen in Fig. 191 (I.). Over the 
upper portion of this rotating drum and enveloping both sides and 
periphery is a cast-iron box B. The outer box A has an air-tight 
cover formed by a thick glass plate E with rubber packing, indicated 
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by the lUack circles, l>etweeri it and the rim of tlie outer }>nx A. 
The rot^iting drum has three sepanite spiral charmed leading from 
its periphery to the face of the bos«, as shown at O, Fig. 191 
(T, and II.), A pipe or tulje T, Fig. 11*1 (II.), passes through an 
air-tight stuffing-box or gland Q in the outer case A into the 
inside of the box -cover B, thus communicating from the vessel to 
be exhausted to the inside of B. The rapidity of exiiaustion is 
increajBed by connecting the space F outside li find between B and A 
with an ordinary mechanical air-pump through the pipe K> which 
communicates with thtj space F. Mercury ia poured into the pump 
and takes the level LM between A ami B and the level NN^ between 
(r and B. 

The Actum of the pump is as follows: The handle heing slowly turned 
8oaa to slowly rotate the tirum in the direction of the arrow, the iKirtiun 
of each channel O as it rises above the surface of the mercury NN^ ia 
filled with tlie air inside B. This V€»lumo of air is forced through the 
channel as its mouth turns below the line NN^ and the mei\'ury forot'S 
its way in like a very tight-fitting piston. This air finds an outlet 
through the ajiertiires in the Ik>ss of the drum into the space F 
outside B, and is then taken out of this by the roiighing-oui pump 
attached to H. 

Tlie pump, though rotated very slowly, is fairly quick-acting ; for, 
tt'nce there are three channels O, three gulps of air are taken from the 
iiiside of B, and therefore from the vessel being evacuated, per 
revohition. Very little power is needed ti> drive the pump, which is 
very suitJible for exhausting electric lamp bulbs. Fur higher vacua 
can be obtained with this tj^pe of pump (by letting it work longer 
on the exhaustio?i) than is required for an electric glow-lamp. The 
time taken to exhaust will, hs in the previous pump considered, depend 
on the size of vessel to be exhausted, the degree of vacuum required, 
and the care vnih which the air is dried. A drying-tube of phosphoric 
acid must lie placed between the pump and its work, and, of course, 
close to the pump in the pi]>e I ; and the vessel to be exhausted should 
hij close to the pump. 

A vessel which has been once evacuated can he exhausted again 
soon after in far less time, due to the aqueous vapoiu- usually clinging 
to the surface of the vessel having l)een got rid of, 

The chief ft-ature of the Berrenberg lamp is that the vacuum is 
produced by a mechanical pump in which all joints, valves, etc., are 
enclosed in a vacuum-jacket, which is maintained by a second pump 
protlucinga rough vacuum. It is claimetl that the absence of mercury 
vajiour in the lamp prevents the blackening of the bulb with use. 
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Liquid- Air Eyacuation. — A description of the ways and means for 
obtaining a vacuum would hardly l>e complete without the mention of 
a very simple and rapid method liy mefins of li^piid air. Thi« sinipU-. 
though extremely inipottaiit, substance, destined, no doubt, to pby an 
imporUint part in commercial undertakings in the future, wns first 
discovered or obtained by Professor I>ewar. A brief allusion to the 
way in which liquid air is !iow obtained may not be out of ph 
h€re. 

Air at from 180 to 200 atmosplieres pressure is allowed to 
into a copper tul>e through a small nox/Je nejir the end, being coole 
on expansion. This cooled air flows out at the other open end, and u 
led back along the outside of this first tube to an expansion- vab 
The air, following on through the first nozzle, is thus cooled bef( 
expiindin,ix, and falls to a still lower temperature on expanding, 
this action has coiuinued from five to ten minutes, the temperature 
found to have fallen to below - 1 20' C, and the air escaping at t1 
expansion- valve is liquefied and can be collected at the rate of over 
1 litre (1 000 c.c.) per hour. 

Beyond the foregoing brief inciication of the way in which liqi 
air is obtained, space will not permit of a description of the vai*i< 
kinds of apptiniLus ' employed in its prodiiclitm. The density 
freshly made liquid air, as detcrraiued by Knifip,^ is 0*933, which 
increases to a steady density equal U) that of liquid oxygen : while 
the surface tension of fresh liquid is between 9 and 10 dynes per cm., 
rising to a final value of about 13*4 after several lioui-s. (The surface 
tension of water at 18" C equals about 73 '3 dynes per em.) 

Ueturning now to the method of evacuation by means of liquid 
air, all that is necessary is to place the vessel A to bo exhausted in 
communication with another vessel B whose bulb is iromerseci in a 
third n^ceptacle C containing the liquid air, when it will be almoit 
instantaneously exhausted of all air. This is due to the extremely 
low temperature ( - 120 C. or less) of the liquid air in C causing the 
air in A to condcnst^ in B, thus leaving a vacuum in A Jis desired. 
Notuithstiinding the vacuum -jacket with which C would have to be 
surrounded to prevent convection, the liquid air in it would gradually 
diminish in volume. Whether or not such a methotl would be 
economical enough for commercial use on any large scale, would 
dejiend on the cost of production of the liquid air. 

Evacuation by Absorption Chemically. — ^Yet another method of 

1 Aeatt Sci\ Vra&nu, Btill. 10, j.p. fil9-(i33, Dei-. 1»02 ; fStmul. Xfeet. .V«o», 12. |.p. 
lPl-192. Nov, 1902: /Vm/«. firv. 15. pp. 181-187, S«pt. 1902. 
« Phyn, Hev, 14. pp. 75 82, Feb. 1902. 
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producing a vncuuni is that used iti the Mali^mani process/ in which 
the vacuum is ulitained in the bulb by the absorptiun of the gases by 
certain chemicals. Ked phosphorus, wliich is generally used, is intro- 
duced, with bydrcK'arbon gaaes, itrUj the bulb, which is evacuated by a 
mechauicid ronghing-out air-pump. The filament is made to glow, 
and the bulb finally lieate<l on the outside ; tlien, when the electric- 
glow discharge disappears, the vacuum is complete, and the lamp sealed 
oft*. The advantages claimed are that the vacuum is more perfect and 
more rapidly obtained than with the ordinary jminp methotl, and this 
without \mng a ?mrcury pump. Another chemical process of exhaust- 
ing is described by S. E. Doane {Ekcl. IVorld and Entfineer, 43. pp, 
963-9 Go, May 21, 1904). 

Decree of Exhaustion : Vacuum Gauge. — It has been mentioue<l 
that the vacuum obtained with the above pumi> is almost nlmlut^, the 
Sprengel type of mertiuy-pnmp being extremely efficient Some 
lamp manufacturers employ a pressure-gauge to indicate the degree 
of exhaustion; others estimate the vacuum by well-known signs 
accompanying the process. The latter method is naturally a rough 
and refidy one, and can give only a rough idea of the degree of 
oxiiaufltion, which may be sufficient for some purposeis. There is no 
difficulty in con j paring accurately the degr-ec of exhaustion in ditterent 
vacua, but there is a difficulty in making a rational quantitative 
detennination of the degr<^6 of exhaustion of any particular vacimm. 
Natn rally such has reference to some arbitrary standard which is 
taken to be the standard pressure of the atmosphere, namely, tliat 
due to the weight of a column of mercury 760 mm. high. The 
M'fjeod vacuum-gauge is always used for comimring or determining 
vacua. The principle involved consists in compressing a large known 
volume of the rarefied air of the vacwum to be tested into h com- 
piiratively small, but known, volume. The pressure of the compressed 
air is then crimfKired with that of the vacuum. 

Measurement of the Degree of Vacuum. — One of the best devices 
for eflecting this is the M'Leod pressure- or vacuum-gauge, the 
principle of which is shown in Fig. 192. It consists of a system of 
glass tnl>es and bulbs TF and DNA in two parts. The joint at B 
between them is usually a well-ground one having a cup containing 
mercury as a sejil. This joint is merely IVir convenience in manu- 
facture, as it would be difficult to luuidle so lengthy a systein of glass 
tubes in one piece ; tlie height lietween levels T and D being about 
3 feet, and between levels I> and N also abotit .'i feet. Tlie end A of 
the side tubi? is conneeted to tbe jmmp or vessel to be exhausted, 
* *t. Amer. 83. p. 213, Oct. 0. 11>00. 
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with fti) efficient drying-tube between A and the puraii or 

glass reservoir H of mercury is in connection with the lower end of 

BT through a HexiMe tube RT having a pint-h^-ock at K, whid 

••an be regidated by a screw. 

lowered by means of a cord 
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This reservoir H can be raised or' 
S passing over a puUeyblock P, 
The stem EF is of small -bore capil- 
lary tid>e, and its volume al)Ove tli^^ 
mark £ is carefully measured hj^l 
the weight of mercury rei^uii-ed tA ■ 
fill it, as also is the volume betwe* 
levels D and GE. The^se relatii 
volumes are noted for future refer-' 
ence. Tiie stem GN is also grad- 
uated, G being on the same level 
as K The capacity of the vessel 
VC botweeri levels D and E mighi 
conveniently be 100 cc, and that 
of EF 1*^ c.c. 

The operation of testing a 
vacuum is as follows : The reser- 
voir H is lowered until the level of 
the mercury iu it, and therefore in 
TV, is below that of D. The 
pump being in action, the system 
aWve the column of mercury in 
VT is exhausted to the same 
degree as the vessel being evacu- 
ated. H is now raised, and 
mercury flows by gravity up DGN 
iind YF, thus displacing and com- 
pressing in a known smaller volum 
the pump had faile<l to remov 
The corresponding increase of pressure of this small volume becomes 
measurable by a rise of tiie mercury in GN. As an example, if 
the admission of mercury to the vessel compresses the residual air 
to Y^ of its original volume^ it will have increaseil its pressure to 100 
atmospheres — i.e., of course^ IDQ atmoapheres ot^ the vacuum to be 
measured. Now, supposing that under these conditions the mercury 
in GN had risen 100 mm., it is obvious that the residual air in the 
vessel before any mercury was admitted was at a tension of 1 mm. 
Clearly, if a perfect vacuum existed, the mercur}- would rise to the 
satii€ level in both EF and GN ; and again, if the relative ciipacities of 
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Pio. 19S.— Principle of M'L«od Va(-timu'Gaug«<. 

the residual air in VF which 
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VCand EF were as lOUO : 1, ami the mercury stood at E and 1 inni. 
ahove G^ then the air in VC will have been compressed to ^^^ of 
its origiiml volume and its pressure ioereiised tfj lOOO atmospheres of 
vacuum. Hence the residual air in VCF before admission of mercury 
was at a tension of 1 x i-^jViF» or ^^,'^0 of '^ ram.^ and the vacuum h 
said to bo yVinr ™™' ^^^^ than perfect. Other pressure-gauges ^ or 
manometers have l>een devised which cannot be considered here. 

Nemst Incandescent Electric Lamp. — This diifers in several ways 
from the onlinary cai bun -filament glow-lamj) considered in the 
preceding pages. The Nemst filament is not enclosed in a vacuum ; 
and further, instead of being carbon, it is ma«ie of some highly 
refractory oxides (or so-called 'rare tiarths"), such as those of 
zirconia^ thoria, or yttria^ worked up into the form of little rods and 
mounted on two platinum wires by means of a paste of refractory 
oxides. At the outset Professor Neriist experimented on filaments 
made of magnesiii, kaolin, chalk, etc., and with a hollow filament of 
magnesia obtained as high an efficiency as 0*96 candle per watt. 

Such substances as those abo\ e named are, howevei', |)ractically iion 
conductors at ordinary temperatures, but when raised, by indepencient 
means, to a sufficiently high temperature, ranging from 500^ to 800 C, 
they not only become conducting, but arc characterised by the large 
proportion of luminous rays which they emit. The rapid decrease 
in the resistance of the filament as the temi>eraturc and current 
simidtaneously rise, tends to cause instability when rujiniiig in jiarallel 
^ on circuit, and to make it very sensitive to vaiiations of voltage. This 
HK corrected by a series or steadying resistance made of fine wire 
r having a resistance of 10 or 12 j>er cent of that of the whole lamp. 
I Inchisive of the consumption in this resistance, such lamps alusorb only 
I from about 08 to 1*85 w.p.c., depending on the c.p. 
" The independent means for raising the tem|jorature of the filament 

in order to make it conducting comprises what is called a hftttitt</ 
redstarice arranged close to the filament and in shunt to it. The 
cxirrent through the filament, when thtf* begins to conduct, works a 
small cut-out in the resistance circuit, thereby opening it. The 
increase in conductivity of Nernst filaments with temperature is very 
rapid, and if that at, say, TjOO C. be taken as 1, the conductivity at 
700" €. is 5 ; at .hOO C. it is 21 ; at 900 C. it is •>! j at 1000 C. 
it is 120; and at 1100" C. it is 330. These filaments light up at 
ut 950^ C. We niay now, with advantage, consider the form and 
St ruction of Nernst lamps, of which there are four types, namely : 
The large type, pattern A; (2) small type, pattern B; (3) large 
> •Coiupreased'Air MtnonieUr,' K Cimfnto, 12. m*. 237 241 (1900), 
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type, Solar or Luna pattern, with flat horizontal filaments ; (4) candle 

pattern, similar to the B type. These are aiII supplied by the Electric; 

Company of London and other hrma. 

Fig. 193 is a part sectional diagnimmatic sketch of the sraall-ty 

pattern B, Nernst lanij), showing connoctioTis. It consists of a 
porcelain colbir or block P winch carries thi 
8trai<iht filament F (about 2*5 cms. long x 0' 
mm. diameter in a 22U-volt lamp; about 2 c 
long ■ 0*4 mm. tliameter in a 200-volt J-ampei 
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lamp; and 3 cms. long > TO mm. diameter 
a 'J 00- volt I ampere lamp) and also the spiral 
heattng-coil H which surrounds iu These ar^^ 
connected together at one end K and to a fipU^B 
tube or socket N (shown to the left on the 
under side of P), the other ends being connectt 
respectively to two additional tu1>es E and 
(shown ttj the right), all securely carried by P, 
The arrarigemeat which constitutes the filament 
and heiit^ir is shown very clearly by itself in 
Fig. 1D4, and a later form still in Fig, 1'* 
The iiliiment is eoruiected to the tenninal wij 
by meatus of a platinum bead ^ emljedded 
being fu^ed into the ends (Uy an arc) in such 
a way that any shrinkage of the filamea^^ 
tightens the contact. The heater, which i^H 
expect^'d to last from *2000 to 3000 hours, con- 
sists of II thin purcelain tul>c wound with fine platinum wire and painted^— 
with cement, the latter serving to protect the platinum from the intena^^^ 
heat uf the filament- The connections to ihe rest of the lamp are 
made through three split rods carried by a hollow 
porcelain box B, and which slip into the three 
split tubes N E 8 leferred t«> above. This pitrce- 
liiin box with its three rutla is termed the coutJict- 
piece. Tw(» (tf the nrfls carry eoiiliict guide- 
skates whicli make eoTuieetion with the steadying 
resistance It when this is pushed in between 
tliem. The steadying resistance K (shown by 
itself in Fig- 196) eonsista of two or more fine 
iron-wire spirals su[iported in eithei* an evacuated 

glass tube or u tuijt? filled with inert gas, the ends being connected 
to two metal sleeves un the outside of the tube on opposite 
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pp. 981-0S5. May 21, 1904. 
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It is worked at such a temi>emtm"o tlmt ii 10 p*?r ucut increase in the 

current increases this stea«lyirig resistance by 150 per cent. The 

porcelain ijox contains the auto- 
matic cut-out comprising a small 
electro -magnet AC, having nn 
arniatiire A capablt; 
of heing attraduil 
to, anil \m\i\ close 
against, one pole of 
the magnet. As 
shown in full line, 
Fig* 193, it is niak 
ing contiict with a 
connect ing-stutl, thus Km.nHi. -strndy- 
completing circuit '^^^*''^^^'- 

through the spimi heater H. In the i lotted pf>sitii>n, it is attracted 

by the electro-magnet, thus hreaking 

circuit throngh H and alluwujg all 

the current lo pas.s through the Hla- 

meiit F. The outsiile uf the porce- 
lain l>ox has the two ordinary cont^ict- 

hlock« marked + and - on the end 

for making contact with the bayonets 

of an ordinary lamp-hnldrr, and the 

two pins at the sides for fixing it 

iu thid holder, The complete lam[> 

with lamp ca»e or guard, pattemi K 

is shown in Fig. 1^7, From the 

nliove description wo see thai the 

princif»al |mrts of a Ntmist lamp are 

the fiiam^iit^ htaXir^ autmnattc cut-out, 

and Mrtiih/inf/ rrjtixtancf. Referring 

Jo Fig. 1*J3, it will be seen that, on 

Mritching-on, the current enters ai 

thfi + '"* block, Hows through H, and 

out at tlie - " l»lock. The hentej 

H now glows dull ie<l for some 

Mcoiids until the tilament F \a 

fufliciently warmed to lu-f-nme con- 

ductiYig. The current through the 

rtkmcnt circuit then becomes strong ^"'- *'' ^"'''i'»-^ '^'"J'* 

enough to cwwe the magnet AC to attraet A, the heater circuit is 
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at once broken, the current passing then through the magnet coil 
C, - R, - filament F, and out at the - * 
)iIcH:k. 

The above pattein B is suit-able for re- 
pUeitig the ordinary glow-lamp in small rooms, 
and can l>c obtained for voluges from 100 to 
250 vults, with candle-powers from 12 to 50, 
depending on the voltage ; but where a better 
illuminvttion is required, and in the case of 
pnldic buildings, large halls, shops, factories, 
churches, and out-door use, the A type Nernst 
larap h more suitable. It can be obtained for 
any vuliage between 100 and 250, and for 
candle-powers from 60 to 170, and will laat 
for from 400 to 1200 hours, and in many 
cases with an average of 750 hours. The 
arrangement and connections of this large 
typt* are shown in Fig. 1H8, arid explain 
themselves. The stea*lying resistance U and 
filament with heater are depicted in Figs. 1^9 
and 200-201 respectively. It will be noticed 
thiit the resistance R is encloseil in a metals 
inserted in 
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capped tube G, which is insertea in a 
hol«ler similar to au oitHiUity lamp-bolder. 
The Hexible wire fi-om the ceiling passes 
through the collar at the top of the frame 
(Fig. 202), and thence to the plugs seen 
on each side of the frame. These plugs, 
when pushed over the split terminal rnd> 
seen in Figs. 198 and 203, connect the 
supply to the laraj) proper. The two outer 
couttict-tubes, A and B, earned by the 
porcelain base P of the burner (Fig. 198), 
are slip[ted over the contact-rods on the 
porcelain base -plate D, and the centre 
contact-strips E are secured by a screw S. 
The Solar and Lutja Nernst lanifis, for 
voltages from 1 1 to 20U and candle-jwwers 
from 125 to 250, differ from the A and B 
types in the form of filament ami heater, 

which is shown in Fig. 204. The heater ^'^" »"^^ ^l«Mylflg H««un». 
as seen is flat, and above the stniight rrwl forming the filament, so 
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it does not interfere with the downward distribution of light from the 
filament 

In all tliese lamps the filament and heater (which together may 
1be called the burner) are both very ffagile, and shonld not be 
touched by the fingers. Both burner and steadying resistance are 
marked with the proper current and voUu^e which wiuh shouhl have, 
and no two such j>arts shunld he n.«ed together whicli are marked \vith 
different currents. Further, the mm of the wUaffes marked on them 
should be equal to or slightly exceed the mimmum ly^tn^e which the 



«i- 



Fioa. 300 anil 201.— FiUunCTil ancl Hcwtpr, Tyjie A. 

circuit ever has, since ovenninning a Nernst lamp shortens its life 
enormou«Iy without increasing its candle-p<jwrr. In no case should it 
.^ |K)«8ible for the circuit voltage to rise above the sum of the 
fifcwnpings by more than 2 per cent. Nernst lamps intended for ilirect 
current are rapidly destroyed if used with alternating current, and 
tii'e vetHfL Strict attention must be paid to polarity in connecting 
them to the circuit, or tliis will destroy them when used with direct 
current. The lamps should always be suspended vertically when 
[Kissible, otherwi«(r tb«* time taken to li^ht up is itipre;ise<l. 

Owing to tbe higli temperature (al»out 251(0 C.) at which the 
fdamenls run, the light is whiter and more nejirly like sunlight tban 
any other illuminant. It is jiossible to obtain all sizes of lamps, from 
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1*2 c.p. with 1 filament to 2000 c.p. with multiple filamei)t«. A 
3-burner Luna Nernst lamp taking 3 amperes at 240 volts gives al 
820 cp., while another make of Nernst lamp of 2000 c.p. for 
volts htts 30 filaments. In the com|>arison of initial and rnnnirij; 
cost between Nernst and onlinaiy glow-lamps, there is saifl to he a 
saving of some 65 per cent in favour of the higher c.p. Nernst lam 
and of 40 per cent with low c.p. lamps. In both cases the saviug 



2^( 



Fio. 201!.— L<i«i|»-Cn?((* Fratne. 



greater the greater the cost nf energy. In ty]>e.s A and B 
steadying resi.stance, which should last for an indefinite time, nbsorl 
15 volts for lamps of from SiJ to 150 volts, and 20 volts ior lamps froi 
196 to 250 volts. It is interesting to note that a 220- volt filament 
taking U'4 ampere has boun found to reipure 20 volts mon* in tl 
open air to make it glow properly ihan when burnirjg with five oth* 
in a 3-inch globe, owing to the higher temperature of the surroundii 
air in the latter aise. 

In the cfise of diroct-currcnl lamps, the filament usually breaks 
the -f ^ end ; a black deposit, sup]>i).>^ed to lie ' platinum black/ 
found at the - ^' end.* Alternating current Nernst lamps have 
longer Hfe the higher the periodicity of the current, f.*/. an avei 

» Testa on Nernst Lamps {lust. Ehd. Kn'jin, Jovrin 31. pp. llSOlVHtJ, June 1V02), 
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life of 1300 hams is recorded by ono u>or ' of a batch uf lamps 
for an alternating current making I'iS—per aecond. There are, of 
course, lUiTiieruiis iiiKtunces of an iwemge life of TOO ti» sOO hours ut 
50 ~ per second, with some of 300 to 400 
hours at 25 ~ per second. 

Efficiency of Nernst Lamps. — Ac- 
cording tu* Iiigeisoll,- the uL^oItttf liiminons 
efficiency, i.e. the ratio of visible energy 
to the total energy consumed by iHO-watt 
I lO-voIt lamps made by the Nernst Liinij* 
Company, of Pittsburg, varies fmm 4'G 
per cent in new lamps to 3*6 p4-^r cent 
in Old ones, the temperature being esli- 
niaie<i at 2360 ('. The watts per candle 
diminish as the fandle- power increaacs 
for the different types of Ncrust lamp, 
and nmge from O.^ to 1 85 watt^ per 
Gindle. 

If t!ie %'oltage given to a Nernst lamp 
he varied continuously and the current 
and c.p. measured simukatieoUBly, a set 
of cunes relating onulif^-jmrnf with volts, 
amperes, watts, apparent resistance, and 
watts [K»r candle c<'ui be nlitaine(J» and 
which are similar t<» those obtained for 
an ortiinary glow-lamp (Fig. 185) under 
simihir conditions. Yv^, 20'* shows such 
a iset for a lani[) intendeil for a normal 
voltage of 165. and it is noteworthy that ^■" '-i^^. -Lamt^.«.Uou.«rcon.pi«i.. 

the lamp has a critical point at IGS volts which, if reache<l, the filament 
takes 0*r> am]>ere at IGT* instead of the normal 0*27, and ajll burn 
t. 
Vapour Lamps. — The.sc lamps, first descrihed l>y Aruns/ aie a 
development of very recent origin, and in piinciple are really arc 
lampA enclofied in a vacuum. In 1901 O. Lummer gave a description * 
of a merctiry-vacuiim lamp for spectroscopic work whicli contained 
improvements on Arons's form, and in which he worked with an arc 
about 3 cms. long, taking 16 aroperes ut 110 volts with a resistance 



■ .Xmti; KitclH. U. p]i. 120-422, .S<>pt. 1902, 

» I'hfta, liei\ T7. pjt. 87l-;i77, Nov. 190a. 

^ WiM, Ann, 47. |>. 767 (18»2) ; amU 68. p. 73 (18««). 

♦ X^-ttnchr. hiMtfumriiitHk. 21. pp. 201-201. July 1901. 
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of 5 ohms in series. The possibilities before this type of lamp n^ 
artificial source of light soon brought other workers into the fiekl, 
ill the same year P. Gjoperliewitt ^ described several forms of va{ 
lumps, and showed that the resistance of the vapoiir column apj 
mateU* followed Ohm's Law, and that inefficiencies as low as 0" 
watt per candle coidd be obtained. The principle on which sue 
lamps operate consists in dividing a column of mercury eontain< 
in an evacuated vessel, and which is placed in series with a resistanc 
across the mains, into two parts. An arc is set up between th#l 
separated parts of the meixjury column, which is maintained ao long 
as the supply is kept on. 

It may be well at this stage to descrilni one of the forms which 
vapour lamps have assumed for everyday use^ namely, that developed 



f. 



Fli*. ;'i>4. — l.iiTitt 'ir Soliir Pllamriit iiii'l Hwilwr 



by Mr. C. Oi nje-Dastinn, and shown diagramraatically in Fig. 
It ctnisirilis of the so-called hurner B made of SJena" glass, 
comprising a glass tube bent down at both ends and supported by the 
two arms X, X, from motjil blocks N, Iv, A bulb G is formed at o 
end and a jjlatinum wire is sealed through each of the extremiti 
thus forming the electrodes K, i\l of the burner B, which coTitai 
mercury to the extent shown by the dotted sliading. The melitl 
blocks N, K, supporting the burner, are carried by two brackets H, K, 
screwed to the ends of a liar L of insulating material. This Iwir L is 
pivoted at P to a fixed arm F, wbteh is part of a fixed rectangii 
hollow frame F supported from the solenoitlal coil C, The soft-ii 
plunger core T of this coil is hinged about a pin to the bar L, ai 
is caj>Jible of raising the ieft-liand end of the bar Tj (turning on I 
pivot P) when attracted up into the coil C. A balance -weigl 
attached to L unuldfs tlie centre of gravity of the btir L, with il 

> Alert. Ittc. y. Y, 38. pp. .'i 13-51 5, April 27, 1001 ; And Eltcl, IKorW and £nffii 
37. pp. «79-e81, April 27. 190b 
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attachments, to be adjusted so that the plunger T will be atli-acteil 
and move up for a certain current in C. A set-screw stop S is also 
provided as an adjustment for the best position of burner B and core 
T when the lamp is not alight. 

On closing the supply to the lamp, the current enters at the \nre 
W marked + , which is connected to one of two terminal screws A 
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Fio. 205.— Curveii for a lOS-Volt Nernst I^iiip. 

fixed to a metal plate and carried by, but insulatetl from, the fixed 
frame F. From the second of these two terminals A it pusses ria 
E, K, w, M, B, R, u\ N, H to the coil C, and througli this to the wire 
W marked - and out of the lamp. In so doing, the plunger core T 
is attracted up into the energised solenoid C, so lifting the bar L and 
tilting the burner-tube B. The mercury column in B is thus ])roken 
liy reason of some of the mercury flowing into O, and the arc is stnick 
or set up inside B between the parted ends of the mercury columns, 
and is maintained so long as C remains energised by the current 
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flowing. When the switch in circuit is opened, T drops and mercury 




KiG. "ill"'. Hislian MtTciny-Viijiour L!inii». 

again tills B. The whole mechanism is enclosed in an outer gla^^s 




I 



t 



which is eaaily removable from the frame ctf the lamp- 



Fig. 206 shows the burner and tilting device in its normal or un- 
lighted |M>8ition. As the arc wanns up the ro.sistcuice of the meriiirv 
vapour incre^ises after rencbing a certain criticHl temperature, and thr 
pressure of the mercury va|K)nr alone would i*etain the mercurj' in 
tlie reservoir G bidependently of the fjict of the tube B \miv^ tiherl. 
The vacuum in tho burner system need not lie very perfect, because 
if a small bubble of air is left in, it can be shaken out of the mercury 
into the reservoir G, where it will reraain and will not interfere with 
the action of the arc in B. Mr. Ha^stian prefers a little air it) the 
burner, because it acts as a fushi(ui for the men-ury in transit. 
These vapour lamps can ))e arraTiged to buiii on any voltage from 
50 to 250 volts, luit are most satisfactory at the higher voltages. 
A series reshtance which absorbs almut 25 per cent of the whole 
power tjiken by the lamp is couiteited in stories ivith it. The eflicieucy 
of a lamp giving 140 candle-power is al>out 2 to 2\ candles per watt, 
taking into account the watts spent in series resistance and arc, while 
the life varies from 2700 to 3000 hours. The cause of failure at the 
end of the life is usually the cracking of the glass near the negative 
electrode li^ which, however, docs not usually result in a spilling of 
mercury. The gla-ss of the burner does not blacken, but Injcomes 
slightly yellow in appearance with time. liasttan vafwur lamps are in 
use in a number of places, having proveil themselves Kttisfactorj- 
r|||(er caivful tests. 

Mr. F. Cooper-Hexvitt ^ has shown ihat in his vapour lamp the 
vapour coluniii aj>proximaiely follows Ohm's Lhw. \'apour lamps may 
\m said to be of two kinds, namely, those depending upon nmduchon 
vpith and rmlhoni an mr respectively. The Cooper- Hewitt lamp 
belongs to th(* latter kind, one fonn consisting of a tul>e about J in. in 
diameter and 2 or 3 ft long. The upper or + "^ electroile is an inverte<l 
cup of iron, the lower or - " electrixle Iteing mcrcuiy only, a small 
portion of the surface of which is exposed in orfler to avoiil flicker- 
ing. Certain vap^itU's and gases are, under stuiabJe conditions, able to 
conduct a current of electricity on the ai)plication of a nioderale K.M.F. 
after a cun'ent htis once passed, and this is also the case if certain 
sultstances — *'.g. sulphui- and its oompouiHls, such as sulphide of mercury, 
also selenium and phosjihot us with mercury — be added to the lamp 
during manufacture. On the other hand, certJiin substances, particularly 
rixygen, should l>e excluded. 

' AVer/. H<r. jV. J*. 38. pp. .'ilSr^lS, Ajiril 27, 1901 ; Kl<ci. Wt/Hd and KnymttrrAl. 
pp. 679-681, April 27. 1»01 ; aiA 38. pp. /t03 50» (IWl). 
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The specimni of mateijnls decides which are >wst siiitiMl for 
lightr emitting source, and while mei-cury vapour is suitable in ujanj 
wfiys, it Kicks in red rays. If the lamps are made to give ti redd«*l 
light by, f.<y., the use of sodium or potaBsiuni aiiialg*ra8 for ihi 
electrodes, their eflioieiicy issnudlrT. In ihe process of m^niufsw-'tni 
the tuK* containing the lueirury and added sulwtancc is siimU 
tAneofisly hcitted, exhausted, and subjected to a current ut a higl 
KM.F., and wht-n it rises to intense brightness it is sealed ofT. Tl 
lamp shimld then light up on a moderate volta]tjo without the extenu 
application of warmth for the purpose of reducing i^s effeciive startini 
resistance. The high initial resistance of the lamp is diminish^ 
enabling the himp to bght at low voltfjges, hy surrounding the gla 
near the - •' eleutrodc by a band of nietai foil connected electrical 
to the other elec trnde, thus positively charging the surfuce of ihv 
lamp cxtctior to the - ''' eIcctr<:Klc ; and for alternating ctirrente two 
sueh bands are WiOii], one near each electrode- These liands reduce 
the high initial resistance occurring at the - '*' electrode at startini 
and which diminishes rapidly when cnrvcfit Iwgins to How. It 
found that tln3 degrcf of vacuiuu aHects the regidation of the lamp ; 
for the resist^Luce of the \apour decreiises with decrease of density t^B 
a certain point, and then increases as the vacuum becomes tnoro™ 
perfect. The resistance of the lamp, as ntight be expected, variety 
inversely as the current antl as the diameter of the tube. 

Mr. Hewitt has luiide litnijis on the above principle giving 
10 to 3000 c.p., Avith incthci^nciis as low jis a \ watt per spherici 
c.|j, Rocontly he has devised a new form of the lamp' suitable fc 
photographic use. In some tests - cart ied out by F. Schabingcr on 
3-amper*' I lOvolt Hewiit vapour lamp with an arc about 4o ins. lon^ 
it was found that the c.p,, as dcduce<l and measured from a length 
arc of '2 ins, in the middle, fell olf rapidly in the first 24 hours, tl 
watts per candle increasing from 05 to O'GL The Umps have a lii 
of from tiOO to 120U hours or more, faihno in the end being cat 
by liad v,'icuuni due to admission of air at the leadingin wires. 
time the inside i»f the tul»e is coiited with first a grey and then 
black (k»i>osit, which may be due to some change in the oxide of lead 
of the I cad -glass nse<L 

Mr. C. P. Steinmetz ' has descrilxjd an ingenious device introdtu 
by Weintraub for enabling mercury arcs to be run in aerirts even wil 
a sopi)ly voltage wliich varies as much as 40 per cent. A nn.Tcun 



• l^«^ Jiifctn. 34. p. 421, May 21, 1904. 

3 Khrt. Wor/fi and Ku'jintff, 43. \>. 1194, June *J5, 1904. 

•^ KUrt. World and fCinjhitfr, 41. pp. 316*:J17. Fe)i. 21, 1»03. 
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,in- in ;i vacuum reciuinng about 80 or 90 volu will, as alrcndv 
poiuteci out, have a length of 4 or 5 ft. Such a lamp is iisuiilly 
&t<irtet) by a high-voltage discharge in the manner indicated aliovo, 
which prtscludes the operntiou of several in series. Weinlruiib's 
arrujigemeiit enables several \ATn\ys of only l*i or 18 ins. Icing to be 
operated in series, not only efficiently, but -wnth considerable stability. 
A similar device has been patented by Mr. J. T. H. Dempster, 
and is described in the Electrical World and Engineer^ 45. ]). 349, 
Feb. 18, 1905. 

The nature of the glass employed in mercury vapour lamps has nn 
important bearing on their ellictency and life. This; will bt^ guthtTud 
from the foregoing remarks, anti is still further emphasised in a 
paper on mercury- vapour lamps by S. Strauss,"^ in which he meutions 
the liehaviour of quartz glass made by a special process. Though ex 
pensive, such glass enables a fall of volts amounting to 4 volts per cm. 
length of path to be obtained with a small diameter of tube, whereas 
onlinary glass allows of only about 0'7 volt per em. Moreover, rjuartz- 
glass has a melting-poitit some 800 * higher, and therefore does not 
soften through the heat of the arc, or crack through too sudden cooling 
of the lamp. The use of quartzgluss results in a lower efhciency, 
which is st'ited to be al>out Tl watt per candle as against 0'4 with other 
glass, and further, it is att^ickcd by substances such as lithium, potassium, 
or rubidium used iti the htrnp rn improve the coh^ur of the huht. 



giKSTIONH U.N rilAHKk Vlll 
[ Suftj>/^netti all A tutwern urtih SkeUk<* wtitn poMihlt, ] 

1. Deacrihr iit detnil, Mritli ikfti'lies, i\w bvttt itietliiwl uitli which you u\r 
|Uiiiiitef| r<>r nmkitij( a ^t<m'Uni|>. (Mohih. Sot. HI. C. ao4 il, 1H98.) 

2. DeserilK! what you know al»ont eflidcnoy, \ik\ rlfinit on tins rytm, «•!**,, «»f 200- 
glow-Uiuiis AJi contpar<Hl wHh lOO-volt Intnfm K'^ifiK ^hc anmc ilhiinin*tJ6b. 

Coiwi<h'r whether it |i«}'h n ioiimiiiivr to rvplane 100 volt with 200 volt Unipi if the 
jiriee HntrK«wl h? the Stijiply Con>|««iuy per li.O.T. unit be reduced by oit«-<ptiirter. 
(Hoaa. Sect U. C. •ml d. 18a«».) 

3. A thmtrf 1«0i|» rv|i:»!Btirij; roKutanr* ia cA|Mblr r»f |iri>dttcUig tbt! deiired 
grftiiatioiiH "f light whrn lUirti to oontml a groap of fiO lli-r,p. IHO-vaU Uiu[w. 
Would the Mtnte rrguUting renutjiiic« produr* er|ually Bati«fa<:tory reaulta if uftrd to 

itrol the aaxDC numtwr of 1<5-e.p, 250 lolt Uru|«« r If tiot, why uot i Would it 
Iqm the HinB« rvmlta with r*}cani to rcUlive IrriUiAiit^y of iitdiriJu«l himpa 
with a gnmp of uy other mmliW of 250-rolt lO-c.p. Ump, and if to, of about horn 
many Uiu |« nniai tJife gnmp mrmhi f { Pivlbn^ C. aud i i, I »00. ) 

i. What i» thm prtneipli of the eonstnicliob and artioii o( tha Nemftt Unip f 
VThAt ar« tt* a4vaati^c** "^d 4iaarlrMita|pM *a eoni|iarrd wiih )(]u«r and are lamps f 
(Hona. «iect. It a smi <1. 1M0. • 
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5. How does the light given out by a new glow-lamp vary with the potential 
difTerence maintained between its terminals ? If two batches of the same kind of 
lamps bo run for 400 hours at two constant pressures respectively, one losing the 
pressure for which the lamps were intended, and the other, say, a pressure 3 per cent 
higher, will the same relationship between the P.D. and c.p. hold as at first? If 
not, what sort of relation may be expected to hold, and .why is it different from 
that which existed when the lamps were new ? (Ord. C. and G. 1901.) 

6. Describe briefly the Nernst incandescent lamp, with its necessary j^arts and 
their uses. (Prelim. C. and G. 1903.) 
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Introciuction>^Thore retnuinfi »till another meihoil of producing 
artificial illumiimtioii hy means of olectricily, and to this we tnust now 
turn our Hltenlion. If two carhon rmls or pencils, forming the ex- 
tremities (i.f. electrodes) of an electrical circnit which contains a sonrce 
of current at a sufficiently large E.M.F., be made to touch niomentarilj 
and then sejwrateil slightly, an extremely bright light is produced 
iKstween the points thus separated. The current set np by the 
momentary contact continues to flow, after separation, across the 
short air-gap, and, if the penciU are held in lino and horizonUdly, 
the flame so produced will curve upwards in the form of an arch 
between their emU, due to the stream uf hot air rising. Furtlier, 
owning Ui the E.M.F. of the sonrce of electricity being obUiined by 
niejins of a battery of voltaic cells, the light in its earlier stages was 
therefore known as the * voltaic atr.^ With the electnjdes placed 
vertically, as they are now in all hut one instance, there is no arching 
of the flame ; Imt the abbreviation 'arc ' for arch is still retained, and 
the effect m now kuown us, simply, the arc light. 

The plieuomenon of the electric arc was first shown hy Sir 
Humphry Davy (about 1808), before the Royal Institution. No 
•l<?veh(prneiit, however, of a A'ery striking nature took place until 
after the invention of the dynamo (about 18G7-70), piobably for 
the want of a more economical source of current than primary cells, 
hitherto used. Tl»e trend of inventi<m has, of course, been to enifilov 
electro-mechanical means for bringing the carbons together momcuL 
urily, then sc[jiirating them slightly, and afterwartls maintaining them 
at approximately the s;ime dist;uice apart. Such an arrangement is 
now commonly known jts an arc lampy and the nuinber nf dift'erent 
forms invented up to the present time is very great. 

Choice of Electrodes. Phenomena in producing an Arc. — 
lu'tijiniriu' nnw to tin- jihroouicnou f>f the ari* if^rff \\ hen an arc 
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IB set up between two clectrcxlos, their ends commence to glow ai»«l 
ttt the same time volatilige. Tlie temperature at which volatiliaation 
ii\ko» place <letermi!ie3 the intensity of the li^ht emitted, the Utter 
increiisirig with the former. Moreover, nil matUi, when niisod to the 
fatne degree of fempemturfj l>ec'omes rqmillij liiminouii. Hence wc see 
the im{Htrtunce of ohoiising a material for electrodes which hixs a>j high 
u temperiiture of volatiligatiori as possible, since this is the highest 
limit to which the temperature of that body can rise. For thi* 
rejison, cnrbon is the material invariably used, it being a noti-raeUl 
which cannot bo melted or fused by heat into a liquid st/itc, while 
it volatiliaes, or passes into a gaseoim state, oidy at a very high 
temporatnre, antl with a niifnmnm expenditure of electrical energ)\ 
All the nietnls an* precluded from ^KJoplion on account of their low 
tempernture of volatilisatinn as compared vrith that of carbon, and 
from the fact that their temperature of incandescence is so very n«vir 
to their tempernture of fusion, while the intensity of their incandesee«c« 
is obtJiined with a much greater oxpendituro of energy than in thft 
case of carbon. 

The foregoing remarks will serAo to emphiisise the import.inc<' of 
the quality of carlwns used, on the etticiency of the arc as & light* 
emitting source; for the admixture of even small ((Uantities of im- 
piu-ities, in the forn> of ani/ foreign subst^unce, luwcis the tempemtui 
of volatilisation, and therefore the intensity of the light, for the 
expenditure of electrical energy. The presence of impuruiet; in 
carlions not only dimitiishea the light and affects its colour 
quality, but represents a wasteful consumption of energy j for they ha^ 
to be volatilised, and piias across the arc without emitting the lij 
which wouhl be evolved by a similar amount of carUui vohitilif 
by the energy which thoy absorb. Such impurities, when jiresei 
condense on the - "^ carlx»n, giving it the appearance of having lit 
growths on iti^ suiface. The carbons should therefore be as pure 
possible, and hnniDgeneons or regular in density thniughout tht 
entire length and cjoss section, the latter properly tending to miiiii 
flickei-iiig of the arc. 

At the present day, only spGcially prepared carbons arc used for 
lighting, these beiniL; uuule from a specially prepjirerl mixture, which 
formed int^^> rods by l>eing either motdded in murdds or forced thivaigli 
a die. The latter UACthod, particularly, ensines maximum iiniformil 
in density and electrical conductivity, which last named property is 
much imjMjrtance, lieing *>ften still further increjised by c<Hiting 
c;irbou with a very thin film of copper deposited by electrolyi 
MeUd-coated carbons arc used to some extent in heavy current ai 
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id order t^i dimmish the Jibsorpiion of iiresaurc in the carbons thcni 
Helves. The meUil ci^ating must, however, not be too thick, otherwise, 
in melting, it Mill cau»c an obnoxious colouring of the arc iia the 
carbons consume away, and, further, it might rh'op in globules on to the 
glass glolw containiitg the arc and crack it. 

The c'omluctivity of ordinary micoate^l aru liglit carbon varies 
with the maker, pi-ucew?, and ty^ie of carbon. Denoting tin* in t<M*inH 
of the reciproeiil quality (p. 81), the resistance is fnmi fifteen to 
twenty times less than that of oixlinary common impure gjis retort 
car1)0n, .tnd ranges from 015 to 0*175 ohm |>er fo<)t for a present i lay 
arc-light carbon abrmt l.'i mm. diameter. For a dotaile^l description 
of the prncf^g of nianufiicturc of arc-light carbi^iis the reader should 
refer to one or more of the apeeial treatises ' on this suljiuct. 

Now the operatioti of producing an arc by bringing the two encU 
of a pair of carbiMi el^ctrtKJea together and then se|Kirating them is 
commonly known as 'striking the arc/ When the electrodes (com- 
monly termed 'the carlions') touch, the current pissing through them 
cauj»es the junction to Ixscome very hot,, and on separating them the 
s{>ark produced, volatilises some of the carbon. The vapour lhn« 
occupying the interjndar «|kico «ufiiciontly reducea the resistance of 
this latter to enalile the IM). between the tarbonn (now existent) to 
nmintain the pa«^ge of electric current between them. This current 
very quickly increases the foregoing effect/*, ntising the temperature 
and luminfKsity Uj their hiyhe^t limitH, The reasofi for fii-Kt making 
the carbona touch is bccaUHc it wt)nld <*therwise require a much great<jr 
K.M.F. in the circuit to Atnrt an arc across even the thinnest film of 
iiir-spifice between them. 

The Crater, Temperature, and Form of an Electric Arc. — The 
stream of carbon \a|iour between the a»rbon» hiu» tlie api>e*irjince of 
A violet-eoloured Hann*, which i* not, however, the cliiof Jiource of 
light ; for, owing to siAuh being better nwiiator* than gaseM^ and U* 
th<i touch higher temfjcrature of the carbon lip» than the %*aiiour. 
the C5irl>oiiii givi? by far the largest [»roportion of the li^bt. The 
carbon Jrom which the current tlowa acroM the arc (adk**! th«? i- " 
carlK>n) U vuppoted to be at a temperature lome where between 
r>UOu C. and SOOO* C, whiJe the carbon h which it flow* alter croMtng 
the arc (called Ike - * carbcm) im ni » lower teinperattiro, prol^bly 
Ih tween 2000' C. and 3000' C. The ^ " auhun therefore rohiUliMii 
and cotisumet awaj ai a i^raater rate than t^ - "*« ■one of the Ya|ioiir 
from the hoCier ^ ** woAumum oa iIm ealdcr «ir&ea of the - ** 
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carbon. The effect of this is to cause a shuliow cup-shaped cavity 
\ye formed at the end of the + "* carbon, due to the tempemtttre beii 
greater at it^s centre, and which is called the craJrr, while the - '* 
carbon assumes luul burns away in the form of a cone with its apex 
somewhat flattened. 

Whfit we ha^e ju.^t remarked is true for arc lii^hts pioduced 
I'ontiuuous currents. If, however, a so-ciitled {iheruating current, 
o)ie reversing its direction, say, 50 or 100 times a second, be m 
which is also capalile of producing an arc lights then each car^)on 
;issumes a conical form similar to that of the - "* in the direcieuni-nt 
arc. This arises from eacli carbon rapidly becoming alternate]^\ 
and - '* ; and Ijotb carbons assume, roughly, the same tempcmtiu 
consuming away at equal rates. One or two makes of alternaii 
current arc lamps have been vande to work with a rate of reversal 
the current iis low as twenty-five peri<xls per second, but forty appeare 
to be almut the Hower limit in most eases. 

The rate of consumption of the carbons in an electric arc does not, 
however, only depend on whether the current is continuous or alt 
nating, but also on whether the arc is Ijnrnirig in the open air or 
a tightly-fitting enclosing globe, on the diameter of the carbons, ai 
on the current they are carrying. For + '"^ atul - "^ carlx:>n8 of th« 
same kind and of e»pml diameter, other things being the same, the 
rate of consumption *>( the - '"' h, loughly, double that of the — 
for eontinuons current, whether the ;irc is 'ti>fn or enclose*!, Wi't 
longer arcs, this excess of conHiun]>Lion of the - "^ over that of 
the - ** carbon is less, and more unifonn th;iu in shorter 
By, howevei", having a - '^ carbon of suitiilily smaller cmsa secti 
than that of tlie + *^, the rates of consumption ciin l>e raatle ecju 
less light being obsti'ucted by the ~ ** and a greater vohime obt^iined 
in a downward direction, the h "^ carljon being uppermost, as it is in 
all ordinary cases. Furthermore, the carbons of an enclose*! arc 
consume away at the rate of about ,V in. per bom", and will last 
from fi\c to ten times longer than similar carbons in an open arc. 
everything else l>eing the same in the two cases. The optical etlicienry 
of the enclosed arc is only some fiO per cent of that of the open air. 
Fur continuous currents the + '"* carbon is usually mrid^ /.<•. a hole 
about 3 1 in. diameter is left in the centre of the carbon from end to end 
during manufacture, this hole being afterwards filled up tightly with 
fine graphite. The object of this is to induce the ci ater to keep ccntrallv 
in the carbon and thus jirodiice a uniform ilhnnination all round. But 
for this, the crater often works to one side of the ciu'bfin, thus casting 
.shadows. The diameter of carbon to be used for different currer 
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Tarioii with almost every maker, hut ranges from 8 mm. in S-umijere 
\iytii\ts to *25 mm. in HO-ampere lamps. The - "^ is from 4 to 7 mm. 
smaller in clijuneter than tht? + '^ earbou. Depending on the type of 
lamp and airtwri» iiseil, enclosed arcs burn for » mnximum of alxsui 
loU hours with one retrira, though HU to 100 hours is more commonly 
guaninteed. Open arc lamps are now made whii-li will burn from 40 
to 7U houi-s with a rctrinj, Imt from 10 to 30 is the more common life. 

Owing to the high temi>erature of the arc, even the roost refractory 
subfitiinces, such as flint, fliamortd, platinum, etc., previously supposed 
to be infusible, can be c<isily melted in it. Au application of the great 
beat of the arc to industrial purposes is to be found in all eloctricnl 
furniu-'cs for smelting and other purjxises and in the production of 
ciileium carbide, aluminium, etr. 

Back E.M.F, of the Arc. — An iut<3resting iihetiomenon exists in 
connection with the electric arc, namely, that it does not behave 
jdtogether like a simple resistance, but exerts a coimter or baik liM.F. 
of its own in aildition to p*>ssessing a certaifi ohmic resistance. This 
hiick K.M.F. opix)ses the impressed Kil.F. which creates the arc, and 
appears to have a value always ranging between liO and 40 volts. 
The actual impressed K^LF, therefore necessary to maintain an arc is 
the back E.M.F. plus the fall of ijotential (CR) in the arc due to the 
current C (lowing through its ohmic resistance H. This latter rcfeistance 
varies almost directly profmrtional to the distance between the carbons. 
Prol>ably one of the most likely explanations of this phenomenon 
of back RM.F. in the arc is that suggested by Professor S. P. 
Thompson, which in substance is as follows : Electriad energi>' is 
expended in volatilising a certain proportion uf the i '*■ carlwn, which 
h subsequently condensed on the - "^^ carbon. In this transformation 
of the carbon from the solid to the gaseous state^ a cert^un quantity 
of heat (termed latent heat) is absorljed by the vapour without its 
temperature rising. This vapour^ in condensing on the c<ikler - "" rml, 
|jiarta with the sjime quantity of latent heat, and in so doing develops, 
in the reverse sense, the electrical energy which initiateil the trans^ 
formation, thereby c^iuaing a l>ack E.M.F, From the foregoing 
remarks it follows at once that, in order to openite an arc successfully, 
the impressed voltage^ supplied to the lamp from the source, must 
tilway<« exceed the value of the back E.M.F., which is generally tsiken 
to be about 39 v tilts. 

Length of Arc : Its Ohmic and Apparent Resistance. ^Now this 
Iwick E.M.F., which licts as an obstruction or resistance to the supply 
current, is one of two factors in what may conveniently be termed the 
(ipparent rensUtme of Uic arc The other factor is the ohink rfmUtvcr 
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of the air-space separating iho caroons, which nmv amount to any 
vnhie between ^\'\ and 10 ohms, lU'pencling on the length of arc. 
Talking the frcquentlv assumed vrtlue of this for oixlinary short att* 
hurning in air to he uljout h ohm, its iu a so-callecl 'opeti-typc' arc 
lamp, and the current to be 1 2 amperes, we see that 6 volta are needed 
to overcome this j-esistance. The pressure aheorhed in the arc under 
these eii'cumstances would therefore }>e 39 + G, or 45 volt a, which 
indicates that, unlike the ordinary glow-kmp, a minimum of from 45 
to 50 volts nuist lie proWdwi as an impressed supply to ojiemte an 
electric arc -satisfactorily. 

In present-day practice the length of arc may 1*6 normally anything 
from 1^(5 to I an inch, depending on the type of lamp ; ]en<rths border- 
ing on the former figure lieing ' nhort arcs,' those on the latter !»eing 
Mong arc&' Now it has pre\noudy been remarked that the ohmic 
resi -stance of the arc increases nearly pro|x»rtionall_v t<> the air-gap, and 
hence the voltage absorl)ed in sending the current through the air- 
space is nearly proportional to the length of this space, Consetjuently 
wc find the 'long-arc* type of lamp at the present day taking as 
much as 7r> to 100 volts, and in a ei*rt;iin instance of even ir»0 volts* 
across the are (with an arc '} in. long) from the source of .^ujjply for 
their satisfuttory operation. In the case of the * short-arc' type of lamp 
particularly, if tht* aic becomes temporarily shortvr, fmrn any cause, 
than its normal value, hissintf and instability usually Uike place, while 
the back E.M.F. also diminishes an<l becomes unstable. On thdl 
contrary, if the arc becomes abnormal in length, flurinrf occurs, the 
flame travelling rotmd the are at the sidej* and aiusing iiTegulatj 
illumination. 

Maintenance and Regulation of an Electric Arc. — Now since 
the quantit}' of light devt'loj^ed by an electric arc is incre&sed Drj 
diminished in proportion to the amount of electrical energj* absorbed 
by it, a stciuly or constant iliiuuination and good efficiency will only 
be obtained by maintaining the amount of energy transformed in tho 
arc constant. From our d<^finitiAn of energy, given on jmgo 58. it will 
he seen, therefore, that the tluetuation of electrical power, and con* 
sequeiitly of the two facttjrs (amperes and volts) of this power,, 
supplied to an arc lamp must be allowed foj-. Now elcctricjd jx>wer 
is supplied for lighting or other purfiosea nowadays in the form 
of (1) constant pressure, the current varying to suit the demand; 
(2) constant current, the pressiure varying to suit the demand, llie 
first of these is termed the parallel si/stem^ in which the 1am(»8 are 
fill in i>arallcl across tho supply mains ; the second is termed the feriea 
ffV.s/rm, in uhich they are all in series with one another and the supply. 
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energv* tmnaformed in tbu aic must therefore be maintained con- 
stant by means of automatic mechanism controlled by the variable 
factor of the power absorbed in the lump, whether current or 
oltuge. 

Since, however, any change of onorgy is to be prevented or 
minimised by the operation of the mechanism, this Inst-named must 
itself Ik! set in motion Ijy the changes in the variable factor. For 
example, an arc hirap rtH|uire8 normally 5 amperes at a constant P,l>. 
of 100 volu ; if the current suddenly increases from any c*mse to 5*5 
amperes, the additional 0*5 ampere must set the regulatiiytjj mechanism 
in motion for reducing the current again to 5*0 amperes. In a well- 
designed tamp nowarlaya the mechanism is m simple antl well made 
that only ji Bmall fniction of tlie toUi] energy tjansfoiiueil in the an* 
is exjiended in regulating or maintaining the arc-energy constant. It- 
should be remembered that the curr/ui ^aricH imrrseli/, ami the voUngr 
diTfdiyi as the len^fth of an\ and hence fiuctnations are iinised iiiuinly 
bj the variation in the length of arc due to the consumption of the 
carbons. 

Desiderata of Regrulating Mechanism : Functions performed 
by It. — The exacting reipiirements in a mechanism such as referred 
to A>K)v<\ and which is the crux of the whole matter, makes one wonder 
at the fine state of perfection of steadiness attained in arc lamps uf 
to-day^ for this can only result with a mechanism which is ( 1 ) simple, 
well made and designecl, and hence unlikely to get out of order with 
time or rough usage ; (L*) light, com[>act, and of small inertia, and 
therefore capable of mpid motion from rest, or vice verm ; (3) 
sensitive to small fluctuations of arc energj^ ; (4) insensitive to dust^ 
dirt, and moisture on its ]Kirts ; (5) lastly, it must, n-s a whole, be 
capable of the following operations, namely : — 

{ft) Causing or allowing the carbons to touch initiidly ; 

(t) Separating them, i.e. of striking the arc ; 

(c) Feeding them towards one anotht*r as they consume away ; 

{(I) Combining actions {b) and (c), i,r. maintaining the energy trans- 
formed in the arc constant 
Xni\y in lampB to lie used in series with one another, 

(«) Substituting, or 'cutting in/ a resistance across the lamp 
tcrmiintls equivalent to that offered by the lamp while work 
ing normal!}*, thus jircvonting the other lamps in series being 
put out or the curi-ent strength alfected in the event of the 
complete consumption of carbons or of them 1>eing accident 
ally prevented from approaching one another. 

Gravity and one or more of the properties of an electric current 
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(p. 35) are the only forces controlling the mechanism in opemtiom 
(r/) to (e), 

Opemiioii («) is usually perfomied by the upper cajbou -i i 4 

on to the lower one. 

{(.') is very often done in the same way, the feed, however, being 
impercu])ttbly small und controlled by the friction of a brake or clut 
which is iictuated electrically. 

Operations (^), (rf), and («) are effected electi-o-magnetically 
all but one instance, and in this it is done clcctro-thennaUy. Wil 
the exception of tlu:^ instance, {h) is always done by an electix>-injtgiii 
or aolenoid^ connected in series with the arc and wound with 
few turns of sufficiently thick insulated wire to ciirry the lani{> 
current This is sensitive to currtMit fluctuations, and is capable, when 
carrying the noinial current of the lamp, of maintaining an arc of 
certain length. 

In many types of lamps this Si>callcd tterirs coil, combined W! 
the aljove -mentioned brake, constitutes the feed -mechanism 
operation (c). Otherwise, feeding is effected by a sepJirate elect 
magnet, or solenoid, connected across the arc and wound with many 
turns of fine wire ha^'ing a large resistance. Such a coil is sensitr 
to P.D, variations between the carbons. With this n)cth<xl an incrft 
in the length of arc increases the P.D. between the carbons, and he 
that at the terminals of ihQ shmU coU^ tis, it is called. This coil thii 
t'lkes more current, liceoming stronger and pushing the carbons el 
together. 

Sometiuiea both a series and shunt coil act on the carbons^ )jci 
arranged in such a way that the series ccnl sc]>arates and the shunt 
ftie<ls. The arc in this case takes such a length that the cncr, 
transformed in it is always a constfint quantity, the scries and shu 
i'.oils prwlucing equilibrium in tlic moving pirts at this moment. S 
a huup is called a tlijfercHfml arc lamp, and siitisfies case (d) above, 

Lamps for use on a conslaiit-current circuit are piovidod usually 
with merely a shunt ctiil and cut-in electro-magjiet, while those for use 
on constant putential circuits usujdly have only a series cuil. Where 
both current and voltage are liable to vary even though one of them 
is supposed to bo the const^uit, a Hiffcrcntial arc laniji will ^.dve t 
best results. 

Modern Are Lamps. — To attempt to make any useful classification 
of arc lamps, as they exist tinlay, is practiailly imjiosRible. This is 
not because there is such a great variety of forms in existence^ but 
because the various cliaiacleristics, e.tf. forms of brakes, clutche-*^ 
windings uf coils for constant PJ). or current circuits, and length 
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itrtJ, etc., are cDmmou to the diflfereut mnkes. Fur idstaoce, the 
le make anil iorm of kmp can b« made witli a series nr a sbunt or a 
dlfTerentiiii coil : the only alteration necesaarv i« the winding. Sirailarlv 
with but iilighl altenilioii in the globe. 
an open or enclottd trpe of lamp can bo 
produced. 

We shall therefore now consider in 
«ome detail a few t\\)es of prominent 
arc lamps differing somewhat in the 
arrangement and eonstrucliun. 

The Davy enclosed Arc Lamps. — 
These lamps, made l»y Messrs, Arc 
Lamps Lul., are all pnictically of the 
same deaign. wliether for alternating or 
direct current*, aeriee or parallel work- 
ing. The lower or - ■• carbon X is 
fix<^), while the upper or -4- ** carbon is 
actuated by a very simple clutch- 
niecluini.sm controller! by the curr*'nt 
flowing in a solenoid. The action and 
generid armngement of part« will Vie 
understood 1 from a reference to the 
diagram ehown in Fig. 207. The top 
cover T of the lamp carryinj^ the eiii*> 
peiiaion-in«$utat4)r K is rigidly coruiected 
with the Boor 1) of the lamp by a stout 
metal tube U in which slides the holder 
(not sliiiwn) into which iheupp^^r carbon 
H i* pushed. To the ouuide of the tul>e 
B Js pivoted at V a lever or rocker 
arm A, to which is attJiched at one 
end the connecting-rod U of the 
clutch and piston rod H of an air 
rlashpot P, and at the other end a 
spring S and a link L bupptjrting the plunger cure C of the solenoid 
M, The ro«l G is rigidly fixed at its lower end to an inverted 
movable U shaped block F, tKJtween the limbs of which is freely 
pivoted A ring clutch E shtiwn in plan in the lower sketch. The 
ring portion encinles the upper carl ton itxi R cpiite freely when 
horizontal, its pmjectiotis on opposite sides iNissing also freely 
through two vertiad slot« in the opposite sides of B. These help V* 
centralise the clutch-ring and rod R, the ring l»eing horizontal when rcst- 

2 A 
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ing on the bottom of the sloU. This is the position E when na current 
flows through the lamp, but if current be switchecl on to it, the core 
C, vrhUAi is iTincd to LHjutdise the strong pull of M on it through the 

long ilistcince re'juirefl, draiws C down and 
F np bodily. The clutchritjg E is thus 
tiltrd, and, giipjn'ng R, rises boflily with 
it to position E'F', so striking the aiv, 
The spring S acts like a shunt coil, for 
it tenfls to lower G, and with it ih** 
. lutch-ring, so as to let K very gtadtially 
ulido through and feed the arc when to<i 
lung. The only diftereijct" in the alier- 
riiiting-current lamp is tluit it is workc<I 
"ff a mmprnmior which sui»plic8 the necc*- 
>.trv voltage t^i the lamp. The bobhins 
ire also split and the core C well l;imin;ited 
to minimise eddy currents in them, whf 
ibe link L is replaced by a spring 
prevent the lamp chattering. 

Some four or five years ago, Mr. VV*. 
havy patented the silencing arrang«'ra< 
imw usud in lus alternating current lamp^T 
which consisted in suspending the wh< 
of the internal portion of the lamp froi 
the t<j]) by a spring. The eft'ect of lhi& 
is, that if the lamp commences to vibn 
and hum, the springs will do so ah 
but the two cannot kee|i in step or si 
chroiiiftui with the reversals of current, 
that the noise ceases. 

It may also he noted here that 
i-oil of jui alternating-current himp mi 
have a larger number of turns, and its cti 
a larger cross-sectiunal urea of iron, tbi 
woxdd be re<(uired for the same lamp us 
with direct current, owing to the smaller mu^'tietic effect of 
alternating ciuTont. For the same magnetic force exerted, therefoi 
an alternating' current clecti'o-magnet is larger than one for dil 
ciu-rerit. 

The spring 8 is only used in lamps intended t<> work in series on 
circuits over 100 volts. The direct-current lamps work perfectly, five 
in series, across 500- to 550-volt tnimwHy circuits, but in this cit^c 
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their circuit is protected by an autoniutic cut-uut not shown in 
Fig. 208. The alternating lamps ran sirj^^ly on I0l» to 120 volts, or 
singly ami also two in series, with oompensator in either ease, on 200 
to 220 volts with choking coil. Thi* arrangement in the two cases 
ia shown in Figs. 209 and 210. Fig. 208 is taken from a photograph 
of a Davy direct-enrront enclosed arc lamp with hood and glolic 
removed. 

Ex;ictly the same mechanism is employ cd in the Davy fwin arc 
lamp shown in Figs. 211 and 212, which are tsiken from photographs. 
The onl^' ditfcrence is that two simihir clutches (instead of one) are 
used, connected to the one contralling arm, which m actuated by 
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Fio. 210.— Two iJttiitiM wiUi Cn»i{i<Tr}4Ator. 



a U-shaped core attracted into two solenoids sicle by side. In ihia 
twin lump both arcs are struck together, the current flowing through 
them in series, so that the lamp can be run singly on 2<'0 to 210 volts, 
or two in series on 400 to 420 volts, with a self-cofibiine<] rcaiaUnre^ 
which is wound on four vertical pillars seen at the siden in Figs. 2 1 1 
;(nd 212. 

The length of arc for Loth direct and alternating current should 
l»e fiTjra J ia to 4 "*• J ^"^ ^^ *^^® **'"*' ^ longer and goes out in a f*'w 
minutes after switching on, more resistance or choking nuwt ho 
inserted in series with it. The urc« of lampx in MerieH can l>e 
brought to the same length by increasing the tension of the 
«;)tring 8 in the lamp with the long arc, or the appfj«ite in the other 
lamp. 

The use r»f arc kmps for the interior lighting of btiildinga in 
always accompanied by shadows cajit by obstructions whoD ihew 



35G 



KLECTRICAL ENGINEERING 



CHAP. 



ktter exiftt, as in factories, etc. The shaiiows are objectionHhly dark 
in comparison \nth the otiier>vise brilliant illtiraination, but cHii l* 
avoided, where whitewashed ceilings exist, by using a so-callcl 
inverted reflecting arc lamp, the Davy form of which is shown iii 





Fig. 213. With lUm, th« light is thrnun iiya rcHector under the lamp 
on to the ceiling aiul walls ; th^^c, when white, in turn reflecting the 
greater part oi the light all over the ro<im with a difludion 
a[»|mixiniatinir to that of fhiyligfit. 

The Stewart Arc Lamp. — This lamp is made by Messrs. Defnes 
and Son, (»f l/ondnn, in some three or four stitndard typt^8. differing 
slightly in aiianiromcnt fri»m one another, Unt all op»M:»ti«/| ulth 
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clutxihes which are controlled by soleiioiils. They art" charactenaed hy 

the absence of jvny rigid clamp in the clutch, the constrnctiou uf which 

ill ertcb case pi'ecbides the possibility of it sticking. In lamps for 

direct-current circuits of 200 volts and uver, the clutch consists of 

two linked pftrullel tubes IwHween which 

the cju-1>on- holder is wither held or re- 

leju^cd according to the distante bet^veen 

them. This dist'ince is varied by the 

motion of a rocking- lever actuated, in 

the case of lamii^ burning singly on 

constant-voh^ige mains, by a (iCfiesvvound 
Menoid, aiid» in the case of lamps burning 

in long aerieis, by the dirt'ertiitial action 
oi 8cne4i and shunt snlenoids. The motion 
of the mechanism is sieadie<l in the usual 
iy by a loose-fitting dash-pot. On the 
;inction «>f one out of a number of 
Ijunps in series^ due to the e{irl>ons failing 
feed or being exhausted, the shunt 
^iiet closes a contact whicii throws a 
tompenftating resistance into circuit equal 
to that of th<' working lamp. The other 
lamps thus continue to btu-n on undisturbed — a result likewise attained 
by me&m of a hand-operated switch inside the lamp, which cuts out 
the lamp and ctit.s in the same resistance when the lamj> reipuVes 
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The Stewjirt enclosed twin-carbon lamp is shown in pjirt- sectional 
elevation in Fig. 214, and fliagiammaticully at the side. The lower 
or - '*' carlwns G are clamiHJ^l in hi)ldL*rs, supported at the lower ends 
fif two fixed rods, inside an iiuier cylindricnl combustion-vessel of 
(shown shaded in section). The luoutb of this vessel is held up 

riy air-tight against ihe Hoor of the himj)-box by a bait carrying a 
hollow button which presses against the hottom hemispherical end of 
the vessel. The tension of the bail is e^isily adjusted by means of 
nut« (not shown) on the eyes which caiTV it. The two thick wire rods 
supporting the inner vessel are seen in Fig. 214 just outside it, and an 
outer .spherical gloW encloses the above. The two upper or -^ *"* 
carlnuis F are merely pushed up into, and held by, two upper 
holders which slide freely in the Ui\ms \i B. These carbons pass 
freely through th*' clutch rinjrs K when the latter are horizontal 
The rings <'an rest <in two tixeil bracket- plates, and are attached 
by rods or cords to the U-sha|ied soft iron core of the solenoids 
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C C, which core htis also attiiched U) it ihe piston of an air dash- 
pot D. The cut-out resiataiice referred to previously is wound on 
spools A A, and is fixed in the top of the lamp. The LMittingin 
switt'h iilluilcd to is shown at tho top of the small diagiam of the con- 




Ftu. 211.— «t#wart Enclowd Twtii-Cirbctti Arc laini^. 



nections nt" die lamp, from which it will be seen that the two arcs are 
in series with one another. When iinTeiit is switched on to the lamp, 
F F having previously gravitated on to G, C C .suck up the core, thereh}' 
tilling the rings E E, which bind on the carbons, lifting them btjdily. 
Both arcs arc in this way shitfh simultaneously, and as the carbons 
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burn away CC become weaker, thtis alluwitif; EE lo rest on the 
brackets anil tilt Wk so t\» to let the carbons slidii gradually but 
imjKMx-eptibly past the clutch-rings and feed the arcs. The principle 
of Imving two arcs burning in series in one lamp is, however, em- 
ployed by other makei-s of are lamps, anrl eiiablfs such lanjps to be 
iised much more economically than single arc lampR on bigh-voltage 
circuits. 

For voltages in the tieighbourbood of 100, a new type of Stewart 
Ump, called the ' High -Economy An: Lain[*/ has been introduced. 
In this the series resistance i.s replaced by a choking coil, with a 
saving of some 40 per cent in current according to some recent tests. 
This lamp is shown in Fig, 215» and consists of a chitch in the form 
of a loose ring D, through which the upper carbon passes. The ring 
binds oji the carl>on when tilted and raises it in the way alrcjuty 
described, hut when depressed again sufficiently the carbon is able to 
glide very gradually pa^t it. The ring D is i^upported loosely, as 
shown, from a cross-bar which hangs by means of the two vertical rods 
from the yoke of the plunger cores of the solenoids E F. These are 
diflercntially wound with series^ coils K and shunt coils F, while a 
choking coil L is connected in jKirallel with the shunt and in series 
with the im% With this aiTangenient» any change of current 
is felt in the shunt coils eiirlter than it is in the arc, by a time 
corresponding vvith the diHerencc in self-induction l>etweeri the 
choking and series coils* tind the shunt coil 

By giving suiUible pro[)ortioiis to the coils, this lag is made api>roxi- 
mutely ecjual to the time reijuiied fur overcoming the inertia of the 
moving parta, 80 that their regidation occurs synchronously with tlie 
change of current in the arc. This arrangement, while introducing 
no mechiudcal complication at all, providos an electrical regidating 
mechanism which in not only permanent, but is also of far greater 
sensitiveness than that which has been attained l>y the use of resistances. 
Further, instead of it being necessary to absorb 25 to 'AO volts in 
series resistance, as is the case with many enclosed arc lamps on 10t> 
volts or so, these Stewart high-economy lamps burn with a difference 
iif only 13 volts between line anrl »rc. 

The sensitiveness of the feed makes the lamp burn very steadily ; 
and the use of two small resistances A K cotinccted respectively mth 
the series and shunt circuits, the P.D. drop in which is included in the 
13 volts al*ove, allows slight nio<Hfication to be made in the voltage and 
amperage of the lamp. The choking coil can he fixed in the lamp or 
otherwise. 

In alternating-current lamps the same clutch as shown in Fig. 214 
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is used \rith a scries solenoid, elastic supports and connections bdi 
used wherever possible in orrler to remove the vibration common 
many alternating-ciurent lamps. With such an arrangement a 
aVwn-e, oUj s;iv, a 110-voIt supply, the urc is longer than, and 




Fitk. JI^.— TliP^lewart II lgh> Economy EiieloKed Aiv tJlinp. 



ahoui 97 volts across it as against 75 or 80 volts, in other enclosed 
arcs. The watt« given Ut the arc ilAelf, and also the mean spherical 
c.p.» are conse(|uenLly greater. 

The Gilbert Arc Lamp. — This himp, made by the Gilbert Art- 
Lamp Cumpiiny, of Chingford, besides being a very prominent one at 
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ihe prwieiit day, contiiins some features which are >>oth intortisting and 

inatractive. In it the friction of niWiiiig surfaces is reduced to a very 

!>mall amount. The iipp«r or + ** carbon-bolder arul the guide-rod 

carryin*;; the - *'' or lower carbon - holder avo 

uttm'hed tu a broad copper flexible strap wlnVh 

bangs over a pulley fixe<l to the top of the lamp. 

By tliis arrauf^ement both earlxins move towarfls 

or away from one another simultancoitsly, and 

the arc is therefore maintaineil always at the 

sjime position in the .ulohe. Such an arrange- 

ment gives rise to what is termerl a focu,'isliiff hmp. 

A general view of the working i>arts of u 
double-carbon Gilliert open arc lamp is shown 
in Fig. *J1G, which is really a duplication of 
the mechanism of a single arc lamp having one 
pair of carbuns only. The top carl>on m eliimped 
in its holder and hinigs from one end of the strap, 
the oidy guide being a hole in the lM>ttom pkte 
(about an inch above the arc), through which 
It slides freely. The metal rod carrying tlic 
bottom carbon-holdrr i.s of rectangular section, 
and passes just freely through a short length 
uf rectangular Itdie which acts jl** its guiile and 
ia Hxefl to the Honr and bottom plate of the 
lamp. The CEirlions feed lo^^ether by »;nivity, the 
upper hohler being heavier th'in I he biwer one 
with it* guide-rod. The operation of the lamp 
is controlled by a sirajile form of clutch acting 
directly on the negative carWin guide-rod, an<i 
which is in turn coejtrolled by powerful solenoids 
Heen in Fig. 216. 

The form of clutch employed is shown in 
side elevation in Fig. 217, and consists of a 
rockerarra K, ca|>;ible of turning in u vertical plane, on a spindle S 
passing through its mid-point and carriefl by the upright support 
fixed to the floor F of the lamj>-box. To one end of E is 
attached the movable U shaped cores of two |>owcrftil ^iolenoids, 
seen in Fig. 21(i ; to the other end, the air dash-pot or damper. 
One end of the clutch l> is 8upp*>rted by a diiving-link M from 
the rocker K, while the other end is held up ag;iinst an ;u:lju8t- 
able ftet-Htop C on th«- j>illar P by mearj.s of a light siiring not shown. 
The main tube B of tlie lamp conbuna the upper carbon, while A Is 



rni. 21<l.- Oenerml VIrw of 
oilbttit Arc (jiiii|) (cov«r 
mmiiuv'ihI). 
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the rectangular negative gwule-rod, which is free t4> move up or 
down through the rectangular slitit* 1 1, except when gripped by ti 
cliitL-h I> uriil |>usht*cl d«t\vnwar<ls. The chitch D is provided with 
H wearing face K, which is luljiistaljle l)y means of n set-sen* w N\ 

The Action is as follows : After the current is switched ort* from i 
lamp, the rocker E (with iu attached cores) assuineis the position 
shown ill Fig. l!l7, while the rod A, reletiswl from the clutch iti vitiua 
of this, becoming honzontal, gravitates freely throiiiih the rectangular 
hole in I), thus bringing the carltons into contact with one another. 

A 



onH 



^< 



O 



Fl«.. -'17.— Cttitdi of UiP Oilhrt Arc liiniii. 



On switching on, the cores are attracted uji into their solenoids (lu 
seen in Fig. 217), E being ivullcil by them in a nmnter-chK-kwise' 
direction. This causes the link M to tfepreaa the left hand end of the 
clutch D, which binding on A pushes it downwanls, thus sepurating 
the carbons and striking the arc. The lamp fchown in Fig. 216 having 
two jiairs of carbons has also two se]Hnate clutches (one at eacli siilo)^^ 
which are worked simultaneously by the solenoi<ls, as seen. Tb^| 
exceptionally jxiwerful -wleiioids used, combinerl with the above clutch, 
make the 'feed' of the carbons very delicate and graduab 

Further, since a clutch requires so little force to i»ake it grip and 
to actuate it, the makers aftinru that these lamps stnko u* within \^ 
per cent of their normal working current as against from 'i^ per cent 
to 100 per cent in most other lamps. This, of course^ reduces the start- 
ing current and causes the arc to very quickly assume it« nomial 
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condition and iriaintain it ugainst the tencieiify of other lamps in series 
to cause variations. The cluttb, inoteover, holds iliu ro<l A against 
both ordinary mechanical vibrations and al^o those due to the reversal 
of current in alternating systems of supply, even when this is as low 
as 25 periods per seconii. 

The Gilbert arc ]:in)p. intemled for burning from ;"»!> in S(t hour^ 
Tfith now carlioiis, u^es four iM-iiL i-arUims in two lairs, ♦^acb [lair 
'Attending for almost tlie uhole lengtti tif the lamp. Th** loiig length 
of carbons (6 feet) which it is possible to use in tlm lamp enables, 
if necessary, a lower or - '"'' carbon of amalit'r diameter tlian nsuni 
to be u?ied» with a corresponding incre.ise in the ojvtieal efficiency of 
the lamp, A 20-in. sphericaf or oval globe is used on the C-ft. curbon. 
lamps, and a 1 5, \ in. globe on lumph mu)^ a 1 U-in. bnttfim carbon. 
The makers claim an illumination with alternating currents almont 
eqiuU in colour to that with direct currents, und with 40 to -1^1 volts 
across the arc ; and recomniond the use of special transformers 
(ninging from 4*jO to 700 watts output, acconliiig to the lamp 
used)» to which the lamp* are connected singly or in a serie>. 

The Gilljert Arc Lamp Company have a special serius system, 
complete with lanipa and cntistantcurrent raoving-coil transformer, 
which is in use at Eastbourne, Harrogate, etc. In this the lampn 
are specially arranged ao that their regulation is independent of the 
main current, the iwune voltage always being ntaintained across the 
arcs* The special moving-coil transformers employed can be kept 
anywhere vvithout needing any attention for months, ami icplace 
the earlier sjstem of series lamps wnth * reactance or choking ' coils 
across their terminals, which have a low ethciency and 'power factor.* 

'Excello' Intense-Flame Arc Lamp. — This lamp, which is made 
by the Union Klcctrie Connwiny, of LondiiU, is probably one of the 
moat imporlanl and interesting developments of the present day in 
aiT lamps. Its design presents sevend novel features, I>esides showing 
the beneficial rcsvdt^ ^v'hich, not only in this, but also in eveiy othei' 
-su)>ject, are obtained by a thorough knowledge ami propei- application 
of the J'umiamnital scirufific principles of the subject. The render will 
at once recogiu'se the truth of this when he compares the statemerjt* 
on page .347 with the follnwing description of the al>ove lamp. 

The construction and jjrinciple in\olve<l will be understoml from 
a reference to Fig. :218, which is a diagranumitic \'w\v of the thief 
parts and electrical connections of the latest form of the lamp. It 
consists of three compiirtmentH : a small top one contatinng the 
regulating mechanism ; the long intermediate one containing an 
electro>magnet, the stays, &u'bons, and their guide-rods; and tlh 
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1>otti»ni LOiiii>aitinent consisting of the glol>e contjiiniiig the urc at the 
top of it. The lamp is <lifferetitia11y wr>nnrl, aiid the regulating 
mechanism comprises a Hne-wire. potential, or shunt-wound electn> 
imignet A, C'onnecte«l across the supply main* CC and ha\-ing the 

poculiar-shuped |K>le-piec« 
1^ B. This j»ole 
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Fiw. i?l«. ^ Ul«naain of E>t"llo Arc \Aiii\h 



piece H 
cifKible of attracting tw( 
soft -iron annature^: one,J 
D, carried at the end of] 
one arm E of a three- 
limbed casting which k 
pivoted at a fulcrum F; 
the other, G, ciinied at 
the end of a switch lever] 
which is pivotei^l at H.' 
A thick-wire senes-wound 
rlectro - magnet I, eon- 
nected in series with the 
mains and are, is also 
callable of attracting thl^f 
arniJitiire D. The carbon- 
holders, which are made 
extra heavy, are supporK 
by chains J wound n)un< 
the last wheel of a trail 
of spur-wheel rerbtctioi 
gearing K. TIte niotioi 
(*f this train is controlli 
by a four-armed fly-wh< 
Lj which is engaged by 
detent O carried by th< 
second arm of the thre< 
liml>ed casting. The thin 
The c;vrl>ona P P, whi< 



arm of this cariies some balance-weights W 

are simply held by friction in the holders when pushed home into the 
feed when the holders arc free to gravitate, by reason of their weigh 
down their slanting guide-rods. This of course can only take placrf 
when tlie detent releases the four-armed fly-wheel L, so enabling 
the train of reduction-gear K to roUite. The point of contact of 
the carlioii tips is a little below the under surface of a fireclay cap 
Qi termetl the economiser, which serves a threefold pur|K>se, namely : 
( 1 ) It acts as a miniature reverljeratory furnace or regenerator. 
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a kr^e, quantity of tlie limt of the arc, which causes this latter 




Fn.. 'il^'.— Toil bimJ liiti<niin<hatr Chjiriita^r^ nf |:m-"-IIij Arc L;iiii{i- 

to burn Ht a higher t(}m[j«mturc niid prevetiu the carbon vapour 
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cooling ; (2) it iicU as ii refloctoi-, ihmwing flown a large proportion 
the light, which vvould otherwise be Wiisteil above the level of tl 
arc ; (3) owing to the increa«e<i temperature :iml to the unusually loi 
Arc (nornially alxmt § in. in length), the quantity of carbon coneunK 
per B-0,T. tiuit is much greater than in an onlinary t3rpo >irc for tl 
same cnrrent. Thus it is tluit the economiser action of i^ comes ii 
in preventing the influx of too much oxygen. For the aliove reason 
the positinn nf the are within the oeonomiser Q is of consitlerah 
inipoi'tance, and a small adjusting-serew in the lamp enables thi* 
be determined \\-ith great nicety. Moreover, Jia both carbons feed 
toWAr<ls the arc, this will ahvays retain the same position relatively 
to the economiser Q, providetl the carlK^ns are of the proper rehiiivf 
diameters. A photograph ai the working parts or content* of the 
top and inteiiiio.diitte eliambei-s is shown in Fig. 219. The carboi 
guides arc those ro4ls which converge from the tloor of the raeehanis 
*)V Utp chamlicr dt>wn to the ocouomiser-holder. The electrical C( 
nections between mechanism and carlwns are made through tl 
iuBidatecl riexible wire, covered with glass beads, as seen in Fi 
■J 19. The lower portions of the lamp^ including the floor of 
intermediate ehamber, which acts as a holder for the econoiuisvr (set 
underneath), are shown in Pigs. '2'2Q and 221. 

Action fff thr Lump. — The lamp is so arnifiged that the weight of 
the carbnn iiolders always jnills the mechanism int«) such a positic 
that, when no cmieni Hows, the car)>ons come into contiict. Whi 
euiTeiit is switched on to the lamp, the armatui'o D is attnicted 
the series magnet I and turns clockwise, with the result that tl 
wheel- witrk acts so as to slightly separate the carbons P P, Fig. 2' 
At the sjime time a sh'der magnetically connected to the gear-wc 
sepjirates them still farther to the refpiired distance, and in this wi 
the arc is struck. Th« eleetro4»lust magnet i\I is noM' energised 
the current, and the magnetic field created at its f>oh3s N S uffect« 
current thrrmgli the arc elect ro-dynanu'cully in the well-known wai 
repelling the arc duwnwarfls and maintaining it across the 
ends. 

As the carbons burn away, the length of arc^ and hence the 
across it, increases, the result being that the series magnet I lieconn 
weitker, owitig to the increase in the resistjince of the arc diminisbii 
the current; and the shiuit magnet A, having a jjrepondeniting influen( 
on the armsiture I\ attracts anci causes it to turn count«^r-clockwis< 
The deti lit < > i-s thus caused to rele-aae the four-arraed Hy-wheel L, 
which makes a quarter nf a turn, permitting the carl»ons to feed by 
very small amount currespomJing to this mutioji of L. The armatni 
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D at «»nce retiirus to ita ongirml position of nmgnetic equUibrium 

between the poles of A an«l I loiTespantlirig to the connect length of 

arc, Tht< length of me is 

deterniinefl» ivs nearly as can 

be, l>y the design of the 

magnets which l«ilance D at 

the proper po8iiiuii. This 

position is determined finally 

by applying weights in the 

form of thill zinc washers 

W^ which are firmly seenrcd 

and provided with per- 
manent interchangeahle ad- 
justment. 

The light froni this arc 

is very evenly diffused over 

pnictieally the whole of the 

hemi8[)here below its level 

— an iniporlai»t feature 

which difttingnishes this 

Uwip from all other arc lamps. This ' even diffusion ' is due partly 

to fht* downward spreading elFect on the arc of the blast magnet, 

,itid partly to the curious 
tact that a crater is fonued 
in the negative as well iis in 
the [)Ositive carbon, iu con- 
scipience of which pmctically 
the whole globe is wpially 
iuid intensely illnminated. 
Thii^, and the al»sence of all 
shadows, give to the lamp a 
tire-liall effect. When arc 
lamps ctintaitiing shunt coils 
tie run in series across cir- 
ciiita of more thnn 100 volt«, 
considerable hwding strain i« 
thrown up<jn the shunt coils 
M'hen the carbons burn out. 
This is provided for in the 
Kxcello lamp anfl other typci* 

of lamps of ihi.s make by a special wimling of tlie shunt coil, which 

makes it immune against n voltage as high sm 24U. 
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Again, another contingency, not possiblt^ in other aix; lanip«, has hail 
to l)e }jro\i'ileH for in ihit^ lamp, rtwing to the proximity of the carlxm*^ 
to one another, namely, the possilulity of the arc travelling upwards 
into the lamp when the carbons burn out, and therefore ciinnot ft 
any farther downwartls. This cannot be eTitiroly met by a set 
winding on the blast magtiet, ueeing that if thi^ was strong ewouf 
the arc would normally be too much deformed anrj be liable 
extinction with variations of line voltage. The oontingetjcy is met 
follttws : The blast magnet M is pro\ided with an auxiliaiy* shn 
winding which is not energised so long Jia the lamp ia working, for 
circuit is kept itpen by reason of B attracting G down and thi 
keeping the switch-contact T open. When, however, the carbm 
burn out, a stop V on the feeding-chain automaticidly opens il 
coritact^switch R, and hence the circuit nf the shmit-feeding magnrt 
B at once becomes denirtgnetised, leleasing U, vi-hich mov< 
insUmtly over to I, H drawing the carbons far apait. Sinniltaneoubly 
T is closed, the shunt coils of M grvatly increasing its magnetic 
strength, antl the arc is promptly blmvir out. 

The carbons useil in this lamp are specially long onea to cope with 
their more rapid late of consuniption. and LHJiitHin a special core of 
mineml sjdts which itidmcs ilie light with a plciisant pale golilen or 
yellowish- white colour. This gives th^ lamp a high fog- penetrative 
power. Now riwir)g to the lengtii of carbons and [jrescnce uf the 
core, coupled with the comparatively hmall section of carbon and the 
possibility of the core dioppiug out from the carlwii on account of 
their dilVerent coefficients of expansion with heat» the lamp and 
therefore the line-rcaistance would v.iry considerably. This in inni 
would vary the length of arc, intensity of the lijirht, and the lineal ml<? 
of consumption of carlion. To prevent this a met^il curp. seen in Vin. 
222, binning away with the carbons, is intnsluoed with the shUs in 
such a way that there is a permanent spring contact at about ©very 
A in. along the carbon. This not only plays an imiwrtant pjul in 
the regular liurning of the lamp, but prmbiccs a low- resistance carbon 
in which there is extremely little loss of pressure. The carbons in 
the first batch of lanijw made were each 30 ins. long, and together 
absorbed about [i< volts, so that the special ones now n.sed are a meat 
improvement. 

To [>revent the |»roducis nf combnstion aHccting the niechanisni. 
both the top and intermediate chambers are made with dose-btting 
hoods and are nearly air'-tight. For (haughty situations^ the arc can 
be enclose^l in an inner condjustion-chamber which only slightly 
reduces the c.p. wliiie greatly ptutecting the arc from rapid bnrtn* 
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The * Exwllo ' lamp is made in two sizes, e and /, for Injih direct 
and alternating current, anti in four rated cun-ent capjieitiea to each size. 
All are differentiallv wouml, can be used in single fMuidkl or in 
long series up to 1000 vults or more, and iviU only work with their 
nitod current. 

-J IHrcci-cinrent lnmp.< ian^6 from 6 to 1 '2 amperes at fronj 44 to 4 7 volta 
fiBBpectivcly across their tcrmimals, and will Imrn two in series on 
HO, 3 in series on 160, and 4 in series on 220 to 240 volts. Size e 
tmes two carlxjns euch Lif ins. long ; diameters — poi^itive 8 to II mm., 
negative 7 to 10 min. ; and burning 9 to lOA horn's respectively in 
the ratings 6 to Ti amperes. Size /" uses 2.1j-in. carbons, burning 
ITii to 17A hours. 

.Uinnaiimj-Cfttreftt Inmps range from H to ir> urtipere,« at 44 to 47 
V4ilt«, and have carbons as above, but 7 to 10 mm. <liameter. Thr 




Fh*. */SK.— Urakrii Kk-mUi* CttrLnm NhiiwiiiR Mi^tulllr L'<in- 



burning hours are about 10 per eent greater tljan with dircLt currents 
while a line voltage of r>ri for a single lamp, and 1 10 volts fnr two in 
aeries, is needed. 

The eanrlle-pt>wer of ihts lamp, as* iti eveiy other type, de|>ends on 
the current through the uic, anil whether the eurront is direct or alter 
nating. l*h<* c.p. in every lamp, mnreo\'er, varies greatly in tlitTerent 
direetions ; the niont useful direetion, except in so-called inverted arc 
Ittrnpa^ being from the lower hemisphere eoncentrie with the arc. 

Now the c.p. of an arc lamp can be me;i^ureil in a huge number 
of fjiflerent directions, making known nngle.«< with one another, in a 
vertical plane. If, therefore, a linear scjde n{ c.p. {rjj. so many eandlea 
per inch or (M^r em.) be oliosen, a number of lines, ra^liatiiig from the an* 
as a centre, can Ijc'lrawn sn that their length repre.scnLs the c.p. in thsu 
direction. On joining the extremities of these lines a curve n obtained 
known as the ' ]>olar curve* of distribution of light from the arc. 
Such a curve i* shown in Fig. 223 for a lO-amjiere E.xceIlo direct- 
current arc lamp; and if a mean of all the various c.p.'8 in dilferenl 
tiirections in the vertical plane be Uiken, asenu'circle can be drawn, with 

■2 n 
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the arc as centre, at a radius corresponding to this mean c.p. Repeai- 
ing the above for a number of other vertical pknes^ and taking the 
mean of all the respective means for the different phmes. we obtain 
what is called the mtan hemisphiricid r.p, of the arc. 

The diiitribution ^ shown in Fig. 223 k that on the right of a vertical 
line through the sirr, and would be repeated on the other side of this 
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line, whjt'h is an axis of synnmetry as well as a scale of c.p. As scei 
the mean hemispherical c.p. is 2450^ while the maximum c.p, emitl 
at an angle of furty degrees to the horizuritul, is 3100. 

The following table shows the mean heniispheric^il c.p, given byJ 
the various stock current i*atings of Excello lamps far alt'iM'natin( 
and direct current :^ 

* TbiM i.s well Mft foFtli iti nn article on * Railititiou from Intemive Are tjiiiij,«fs' 
a. Monaach, KltJUro. ZeUschr. 26. pp. 67-72. January 19, 1905. 
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1 Mean H«tAl*pli«r<c«l Qkndl**Power with 


CoftrnU 


IMitetCnrmtt. AltarmMitig UummV 


6 


1800 


S 


1800 ISOO 


10 


2450 


2000 


12 


, 3780 


2750 


15 


1 


4000 



From these figures we see iluit the cp. increases more rapidly 
than the ctirretit, whether this he direct or alternating. A most 
important eharaeteristic of this lamp is its high optical efficiency^ or the 
ratio of the c.p. to the energ}^ absorbed. 

The following figures ^ enable a very interesting coniiMirison tn }>e 
drawn l»etween the illimiinatiiig power of this lamp and that of the 
onJinary oprn and the rudostil tyi»es (direct cuiTent) : — 

TABLE XV 



1 rt«m« A.o l^mp KAriency. 


0|i«ii Are UB]k 


BlirkMHd Arc iMttiY 
(tuner oylindin- only^ 


1 WiHa. 


m.B.^v, ^^if^ 


1 
W*tu. M.M.C.P. 


CP. 
Watu. 


w<itt«. M.H.c.p. ^;^l^ 


300 
387 
51fi 


III 


4-40 

4-40 
4-12 


287 1 810 
400 ' 895 

1 M8 1 1S8S 


212 
2-24 
2-08 


800 
400 
510 


1 
330 1 110 

620 1 -30 

710 ISO 



Thm we see that, ao far as these tests go^ the efficiency of the flame lamp 
is twice that of the open type and four times that of the enclosed, 
which is also indicated in Fig, 224, while the c.p. is also much greater 
for the same consumption of power. 

In addition to the above, there are other flame arc kmps, fji. tijat 
vn\.\\ iuijnani jmrnllel atrfmit, made by Messrs. Siemens and Halske 
(.Sr/<«yi:^rwcAt' lU*tifrr fur EUkin/technik^ H. p. 17«, Decenibej- 8, 
1908). Lami)« in which a diffuser (p. 372) is used are also a departure 
in practically the same direction. 

In the Uremer arc lamp,- which poMeases Home important 
characteristica, the carbons are arranged horizontally, and the arc 

> The El(4:Jfknl fl^'dnp, Mnnh 2S niul April 11, 1902, 

^ EUMro, XeiUchf. 'Jl. \\\k 540*&49, July 1900, And Utntaeh. itlty», iieMrll, Verli. S, 
167-175, April ir., 1908. 
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is deiiected dowiiwaMs Ijy electro-magnetic means. The advanU 
(.'laimed tire : improved distribution of light ; an efficiency two or thre« 
times thjit of ordinary arcs ; and, lastly, a tight of better colour owinji 
to the carl tons being impregnated with compounds of cidcium, etc 
Arc-Light DifTusers. — ^Thc efficiency of any arc lamp can 
gi-eatly improved, and^ acconling to recent test«, the c.p. m 
doublet!, by attach tng to it the specially prepared Borihivers d 
consisting of refractory eai'th discs liaked at very high tempemture ami 



W *it r' ^ 



CP »• ^ 



CP »SJ »,L- 



Fff.. •Ji!4. — Puiur Curv«?^ cf EnrltMwcl, < »iMMi. una Bko«)J<j An- Uni|tf. 

With iMinnt Bt i(L \wj unft the ccwt of lOOii canJlr-powpr of lj«Kt terlioiir Jn:- 

Witli EnclnwHl Are Ump, fifil. ; with i iji-n \ri- Lanij^, 3iV«l- t w«H' Kxrfllo An- Lmiip, 1^ 

impregnated with oxides of the rare earth metals. The di.ses can 
either concave, plane, or convex: from 8 to 10 mm. tliiek, and fn 
GT) tn 12r> mm, diameter. For direct-current lamps, the bott< 
carlmn is made the +- •'•', and the arc arranged to be from C to 12 mm' 
below the ditrnser, accoixiing to the ciurcnt uswl in the lamp. Tl 
light and heat emitted from the arc is sent up to the diffuser, whi< 
becoming incandescent, reHects it down again ; the rays emilK 
from the disc absorliing the violet and red rays from the arc, causii 
an ilhimination resembling sunliffhL The life of the diifuser 
e.stimated at about 2000 hours. 
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Electrolytic Arc Lamp. — This is 
a, new fonii of arc lanijj intro<liice(i 
by E. K«sch,' in wbicli utl' used ek'C- 
trodes of magnosia, lime, ihtirin, m-- 
conia, or other highly refractory 
suljstancea* The efficiency of the arc 
with such electrodes is greater than 
with ordiimry carbfjTi ones, hut, being 
Imd conductors (cold), they have to he 
heat€d by a sulisidiary arc to start 
the main arc and make them con- 
ductors. The ofticiency is said to be I 
from 0'2fi to 0''i5 watts per candle, | 

The Magnetite Arc Lam p. ^Th is 
lamp, »o called from the libu^k oxi<le J 
of iron, matjntiife, being used aa an 
electrode in the lamp, has Ivcen flc- 
velopefl by The (Jem^ral Electric 
Conj}>any of America. The -^ ** 
electrode, \ in. to ^ in. in diameter, 
consists of a copjier f*t'i;nient, of sucti « 
a fii?;c that it docs not get to<j hot and \ 
therefore does not wear away. The 
- ** elcctro<le consists of magnetite, 
compressed, in the form of an im- 
|Nil|)abIe powder, within a thin iron 
tube* As the Lump hurnB, the + ^ 
or copjwsr electrode, furTniug a per- 
manent part of the lamp, l>econxe.s 
hot enough to avoid the depositiim 
on it of the material of the - '* 
electrode, i,t, of fused globules of 
magnetite. None of the light comes 
from the ■• '*, it being emitted from 
the column of vapour, which ih from 
J in. to 1 J in. long. Of the various 
oxides, rimiju^titt is the la'st, because 
It is A good conductor, is stable at aU 
temperaturcM, very plentiful in nature, 
anil givea a white arc of high elliciency, 

> Kifkinu Xcitxhr. 2% pp. 158- 157. Fvb. 
14, 1»01. 
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about twice that of the ordinary carbon arc. It burns al t 
rate o( only about J in. per hour, which is rechicefl by the addition 

of other substances, such as titanium comixmnds. The lamp ta 
about 4 ainixney at ^0 volts, ami with eleetrodea A in. diaine . 
burns for 100 hoius^ or ivith jj-in. diameter elcctro<lea it bums for 200 
hours. The fine smoke tri^'e^ off is conveyed away by a chimne 
and a nickel rcHet^Lor inside the «;;!ob(' adds some 10 per cent 
the iUuniination. 

Foster Ho^Wire-ConlPol Arc Lamp. — Piolwd>ly foremost in i 
enterprijiing attempts to .Hini|jlify arc-lamp mechanism is that endxKl 
ing the application of the tliermal property of an electric current 
The pt'inciple involved and nhject to be attained are, of course, the 
control of the arc by means of the lieating and consequent exi>iut.^ion of 
a wire or strip, due to the passage through it of the cun*ent supplied 
the lamp. Various attempts liavc been made, of recent yejirs, to sol 
the prohlem* but without commercial success, until Mr. C. E. Foster, 
1901, devised the lamp which he hn& recently perfected and placed on 
the market. This lamp eliminates the dashpot or damjjer, and either 
the electro-magnet oi- solenoi*J with \is plunder, inseparable from the 
mechanism of every other type of arc lamp. Many of the inherent 
troubles common to tire lamps in the past therefore disappeiir or 
reduced to a minimum ; for such, when they do occur, are main! 
caused by the damper sticking, through dust iuid dirt, or the 
burning ont. 

Before reviewing the merits, or otherwise, of the lamp, it mtty 
well to give ii description of its construction, so that the reader ro 
better apjircciate the various piitints. A complete sectional elevati 
of the lamp, with case removed, is shown in Fig. l'26, from which 
will be seen that the lower carbon ia fixed, while the upper one 
actuated on the dutch princi])]e. The two Ciibles from the sotucc o 
supply are connected respectively to the two terminals marked 
and - which are carried by, but insulated from, the top cap of 
the lamp. This top also carries the shackle insulator for supporting 
the wliole lamp, as well as the tubular ceritre-po.st P, which in turn 
carries the remainder of the lamp. The + terminal is electrically 
connected by an insulated wire S to a metal bhx-k V fixed to, but 
inaultitcd from, the Jioor of the himp-case. Two metal e.xjvansion strijjs 
U R terminating in stirrups N N hang from the opposite hooked ends 
of a bar M, their lower ends being attached to V and the hook T 
respectively. The bar M can oscillate on a fulcrum carried by the 
screwed rod L, which, though insulated from the case, can he raised 
or lowered by turning the imt K. The tension of the strips IJ "' 
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therefore l>e altered, and the fee*! 
of the carl>ODs conseqiieritlj ad- 
jmtcd faster or slower. The strips 
are also connected electrically at 
their upper ends hy the wire shown, 
in order to avoid any sprtrking at 
M. The l>ar torminatint: in the 
hook T is carried hy a rigid rod 
B, pivoted at its upper end, and 
is not onl}^ connected by a link E 
to a disc F, but also electrically 
connected by a flexible wire 1> 
(insulated with glass beads) to the 
upper carl ion -bolder Q. which slides 
freely in the tube P. On the 
eanie axle a.* the disc F is u cmnk 
»rm U, the outer end of which is 
looMly pinned to the projection 
W from a flat washer, tlirough 
which the upper carbon passes 
freely when the washer is resting 
on the floor of the case. There 
it a little play between U and F 
to enable K K to attain a fairly 
high temperattu'e before the jirc is 
Btnicic The yppt^r carbon-holder 
Q is merely a split tube into which 
the carbon is piifthcfl horae. The 
lower or - "^ carbon i.s damped irt 
a fixed hoMer V earned by the 
metal roth H H from the floor of 
the case, and those arc in turn 
electricidiy connected by an insu- 
lated wire A to the - ''*' terminal 
of the lanjp. A spritig C strelched 
between the top of the lamp and 
a pin on the side of F near thf 
rim» always tends to turn F 
counter cliK-k wise, ami hence ntain- 
tain K K always tiiut. A steatite 
rini^ G clamped by a screwed bush 
X guides the upper carb«>n through 
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the ttoor of the case, whiie the btile in the clutch*rmg W ii also 
lined with the same met^L Only one globe is employed, the up; 
rim of which fits closely into an annular groove in tlie under si<le 
of the floor of the case. The liiwer end is litte<l with a globe dish 
J and carries a close-fitting w;tsher Z for preventing air leakage, 
and is pushed upwards hy a spriog compressed by a nut working 
on the Uiil-rod of Y. 

Action it} L(imp, — F'or no current Howing, the upper carbon 
gravitjites on to, and comes into coutact with, the lower oue» sliding 
through the cluich-ring \V, which is horizontal When, therefore, the 
current is switched on, the strips R H carrying it ex|Mind, and the spring 
C immediately takes np the slack, causing F to turn counier-clockwisev 
and W to Ite tilted so as to bind on the upper c;nl)on. The further 
motion of F raises W bodily, and with it tlie upper carbon, until 
equilibrium is estal>lishetl by the current Howing through K H and a 
certain length of arc mising H It to a steady temperature. As the 
carbons consume away, the Jire increases in length, while the current 
anfl consequent expansion of R U decreases. The chitch^ring W is 
thereby tilted back more towards the horizontal [losition, and allows 
the upper carbon to very gradually and imperceptibly feed or glide 
through it. 

The above lamp is shown oue-quarter full size, and, complete, weighs 
about 1*2 lbs., while the mechanism w<?ighs about h lb. It is made by 
Messrs. Foster and Co., of Worplo Road, Wimbledon, and regulates 
ei]ually well with either continuous or alternating current without 
any alteration at all. In fact, these Inmps can be switched from a 
direct- to an alternating current supply, or m^* vfmi, without stopping 
the arc, thus making it possible for a pure dirert-current lighting 
plant to have ao alternating-current stand- b}-, ur cktr iw«i, in citse 
of the break-down of the former. 

Whilst the ordinary electro-magnetically controlled type of arc 
lamp Ciin only l>e run two in series mi tdki'natiiKj pressures from 220 to 
250 volts, the hot-wire lamp can be run three in series without any 
other resistance in series. Thus 33 per cent more light is obtained 
in the latter case for the same ci>nsumption of energy. The reason o; 
this is that the hot-wire lamp has nu self induction, juid thereforo 
introduces m:) hack IvM.F., as do lamps containing electro- magnets. 
The whole of the supply voltage is therefore effective in opentting^i 
the lamp, and the jtroduct (amperes x volts) rejjresrnts the true watta 
absorbed, the so called ^wir-cr /(/c/w of the lamj* being unity. 

The higher the circuit voltage the greater the ethciency of the 
hot-wire, Imt the smaller that of the magnet, controllcfl lamp. In some 
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r«H:ent tests it was shown that three lamps in series on a 240-volt 
tlirect-current circnit rocjiiired no extra resistance. The cuiTent was 
^y'o amperes, and the totfil voltT.ge at the terminals of the arcs was 216, 
or 72 volts per arc, the carbons Heing solid and the arc quite steady. 
This result means a production of nearly 50 per cent more light 
for the same energy ahsorWd than in the onlinary arc lamp. Thi 
lUO to 200 and 220 volts the saving is from 10 to 25 per cent. 

The internal resistance of the lamp l>etween terminals is about 
2 ohfns. In the ca.se of alternating currents, one, two, or three of 
these lamps can be operated in conjiiriction with a three-way com- 
penstitor transformer and so-cjilled choking cod. A recent test of a 
lamp with this combination showed the current to be 2} amperes at 
220 voltfi and 50 periods per second, tot^d consumptioTi 49fi watt<s, of 
which 58 were in the com|>6nsator and chokei'. WhtMi two a<lditional 
lamps were added to the compensator, the extinction of one of tlit'm 
in no way affecteil the other two. The three lamps are in series with 
ODd another across the 220-volt main, one being in shunt to each of 
the three sections of the compensator, which is also across the same 
mains, 

The lamp is practically dejid-be;it in its operation, and with 
alternating cutxent is nearly noiseless, the nsual rhythmic hum common 
to electro-magnetic lamps being absent. 

Owing to friction at the moving parts l>eing reduced U> a 
minimum, the spring C is quite a light one and the tension on the 
strips R R only a few ounces when hot. Tliey will stiind about ten 
times the tension which C* can produce on them without permanent 
elongation, and will stand sjifely about three times the curr(*nt taken 
in 'striking' the arc. A strip which had been in use for two years 
elongate*! alioiit 15 per cent Iwjfore breaking ut 46dbs. tension. It 
ifl eatimated that they will last for at least five years, and tlie cost 
of A new one ordy amounts to from two to five shillings. 

The lamp is intended to use a + "" or upjxu" carbon 14 ins. 
long an<l a - "^ 7 ins. long, both .WiV/, 13 mm. diameter, for confinuous, 
or lU mm. diameter, cored^ for ulirrfKifinff current. If tfie arc, which 
is about 3 in. long, tends to flick out through being t-oo long, the head 
K must be sciewed clockwise a little at intervals, until the tension 
on the strips ii K is increased to the right amount to give a steady 
•re The reverse must be done if the arc is too short. E<piality in 
the Icngtlis of arc can in this way be ul^Lained in two or more 
lamps running in series. One trmuning of carbons lasls from 40 to 80 
hours, accorfling to the size and quality of carbons and to the magni- 
tude and cofistancy of the voltage. 
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The lamp for direct ciirrent burns direct on 100 to 120 volU, iuid_ 
requires only one external resistance for 120 to 250 volts. F( 
alternating current at 100 to 120 volts an external choker 
needed. 

Resistances, Choking Colls, and Economy Coils for Arc Larops.— 
Some few years agu it was ctistomary to see arc lamps niri in one 
long connected series only, there being jis many as sixty-five lamps m 
series with efich other, all taking the same constant current. Owinj 
however, to the necessity for providing special generating plar 
for supplying this constant cuixent at so high a voltage (66 x 5( 
or 325U voUa), althuugh in America 175 -light machines are 
gi\ang a constant current of G*5 amperes at 10,500 volts, engine 
have turned their attention to the ways and means for running ai 
lamps either singly or in series iti two, tlircc, four, up to ten, act 
constant-potential mains. 

Now suppose that twt» ate lamps, each retjuiring 10 amperes at 50 
volts, have to he run in series from 110-vult constant pressure supply 

mains M M. Then obviously 
R ^^^ the surplus volt;ige (10 in this 
^ ' 'SOsrai — ease) must be absorbed inde- 
pendently, and this is done 
in the case of direct ciu*renU 
by connecting in series with the lamps Lj L., an extra or so- called 
line remtamr R as shuwn in Fig. 227. This is wound with M-ire of 
sufficient gauge to carry the lamp current without excessive heating. 

An adjustaltle line resistance of the doultli.'-coil type supplied by 
the 8nn Electrical C(jm|Mitn\ London, is shciwn in Fig. 228, with 
ventilating perforated cover removed. The wire is wound on two 
cylinders c>f non-conditistthlc insulating matenal, such as slate ur 
earthenware. A movable clamp sliding along a conUct-ro*! (seen in 
the figure) alters the terminal resistance accorxling to its position. 
This form of resistance is made also with single coils oidy. In 
another tyjjo, spirals of the wire are wriifjped njiind a hollow inHulnting 
frame about 7 ins. diameter by 5i ins. deep, in the manner shown in 
Figs. 229 and 2.'iO (without and with cover). The tof> carries the 
suspension insidator, and the bottom a hook from which the lamp 
is hung. 

With alternating currents, a leiutanrcy unpfdanctf^ rhoL*in(f evil, or 
ch/dct\ as it is variously termed, is used, in the place of H (Fig. 227), 
for absorbing the surplus voltage. 

Many diHerent forms of choking coil, all ejecting the same object, 
are in use, and, therefore, the general principles f>f riiiisimiifriti 
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Hctiun u'ill Ix* tinderstocxl by ti tleticriptiou of uiir hniii cummojily rtitJl 
with and ill U8tratctl in Fig. *231. It consists of n-shaped sUinpings 



out of soft annealed thin sheet 
charcorti iron, which are var- 
nished on one face and then 
asseinl>led side hy m\e (with 
varnrshed ^idea all facin^r onv 
way) to form a thick or deep 
rvshaped bliK-k. The plates 
are therefore all insulated 
from one smother hy one 
thickneas of varnish, and are 
clampi'd tightly together hy 
five long bidtjs, as shoum. Twu 
siichlamifiated ni-shaped hlocks 
are clamped face to face on a 
hase, hy means of the metal 
frame at the top and a long 



t-'iu. :228. - Ai1Ju«Uil>t< l.lok- Kr^iHluiiiM 



vertical holt on tjach side, as shown. The central tongues project 
through opp<i«ite ends of a coil, aiifl meet at its centrt^. The coil is 
wound with rotloo-covered coptrer wire large enough to Citrry the 
lamp current, and is tapped at intervals hy wires connected with five 
terniin&l« came^i hy and insulated frc>m the Iwse. 

When an alternating current is sent throtigh the choker, and it 
can oidy he used \vith sucli a curient, the linoH of magnetic force 




Tiu, iiP.-Uni' lli^k«tAti4i 



Fifi. i»0. - Miti' Rf<j4Uiit-i'. 



piVth 



through 




inith mli 



limiis. From ihe principles explainetf on 
pnge 194 ef itt'^f., a self -induced or hack E.M.F. will he created in the 
•oil, which w*ill neutralise an erjual portion of the K.MF. uf the ^sou^ce. 
This Ixick E.M.F. can be diminished by only sending the current 
thixmgh a fewer ntind>er of turns in the coil, which can he done if this 
iM wound in Mcctums, th<' iron core remaining untouchcMl, or liy 
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keeping the saiuc rmniiier ii^f turri:; and itisorting iioii-nm^ietic distam 
pieces betw*'t.'ii ttie tuiigiiea of tbe two laiiiiimted blocks, which decreasctj 
the strength of the magnetic ficlt! by ini-reasing the resistance of thej 

magnetic circuit {ritit |). 
136). Nearly all chokerej 
have therefore either an 
:idjuat-ab!e core or wdl 
wound in sectiofis, 
bt^th. 

The device K (Fig.J 
227), whether it be a Ih 
resi.>ilance for dit^ct cuM 
rent or cJuthimj toil for] 
alternating cun^ent, m 
only absorbs the surpli 
voluige, but also serv 
r.."j3i. <i,.k.n,coii. ^^.^ g^^j^, ^j^p burning 

lamps, and is therefore sometimea termed a slatdyitig resi^hinre. 

The reader must also remember thjit, while the sam*' nmt.>unt 
eaeygif ia Uiken from the niains M M, for the same voltage betweewj 
them nnd cniTcnt, the choker wastes less energy in heat thiin a bn 
resistance wnth alternating currents, owing to its low loetallie resistanci 
and special magnetic circuit. A choking coil can, with advantage, h 
used m a shunt to the ternunuls of each lamp when there nre two 
more in series. For itistiuice, if used with the arrangement shown 
Fig. 227, we have that of Fig. 232, where C, Cg are two chokers^ and 
when used in this way they are called hitfanc'nuj or disfrihifion coils. 

The fhukers Cj t.'., are designed su that, although they ciin car 
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M 



:>^^^ 



\^—^^^::^^r^-^mn—\M 



Via. 'iB'i.— An- Ij^inp'^ in ruiiibiiiiitii»l) with HitlAnclng Colin niul \.\ur lirnltiXanct, 

the whole lamp current safely, they shunt very little current when 
the lamji has its proper terminal voltage and projier length of arc. 
Under this latter condition, the Ri>ecially small cores are designee! ri» 
as to be nearly magnetically satiu'ate<l^ and therefore, since the back 
K.M.F. vai-ies directly as the proilnct (turns x tlux), an increase of 
terminal supply voltJige attects the flux, and hence the back E.M.F., 
very little, and the result is an increase of unrrent thmugh the 
choker. 
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Xt. Principl*' f»r KiHUioiny Coil. 



It will now be seen that if the itrc lengthens, tlie temiinat IM*. 
increases, and the chokor passes more current until the hit returns to 
iiA noniml len^'th. In addition, therefore, to the fhoker maintaining 
H more constant \\\K at ilic lamp terminals, it acts as a tui-tntf and 
substitutiomil resUUincf in the event of the carbons being unable to feed, 
for then the whole current pusHcs throufjh it, and it.s back E.M.1\ 
replaces that onginally required at the lamp teniu'nals. The remain- 
ing lamps of the series therefore go on biiniing properly just the same. 

When the supply voka;i;e is very nwrh in excess of that required 
for one or a given numljer of alternating-current arc lamps, it is more 
economical and convenient to run tbem from a so-culleil compitsator 
or Konojuij roil. This is practically a combination of a choking coil 
And transformer, and of course can 
only be used with alternating cur- 
rents. The principle will be under- 
stood by a reference to the diagram, 
Fig. 233, in which M M are the supply 
mnins at, say, HO volts, L a lamp 
requiring, say, 10 ampere* at 50 volL<, 
and P8 the compensator. The thick 
and thin wire coils I* and S are wound on a well-laminated closed 
magnetic circuit, and together constitute a tnuisfoi nnu ', while I* alone 
acta as a choking coil to L aitd 8. 

Now it will be seen that the current in P Hows through L, and by 
transformer aetion induces in S the E.M.F. of r»0 volts required for 
the lanqj. This secondary E.M.F. in S causes the remaintler of the 
current rer|uircd for \a to flow tiirough it. In the present instance 
the economy coils or their core would be ailjusied >a that 5 amperes 
flowed through P and L, and the MM,F. of S added a further a 
aTnf>eres to that tbrongh L, making the necessary 10 amperes at 50 
volts {or 500 watts). Further, it will be seen that only 5 - \\{\^ or 
5r>0 watu, are taken from M M as against double this if the arrange- 
ment of Fig. 227 had been used. 

A saving is cH'ected iu the running cost of at b'ast 70 ur i^i) per 
cent by using a com|K3nsator instead of a choker. Two lamps can lie 
worked off the sauje couq)cn.Hator by eoniiccting the secon<l lamp across 
the terniinats of I*. In this case thi^ two bunps eari be worked quite 
independently of one another, and when both are burning they are in 
scries. Shoidd one go out, the other continue*^ to burn v^ith ecormmy 
{vidr p, 380). The device obviat^.'S the necessity of protecting the 
ehunt coils of arc lamps, and is made to tiansfoi-m in the mtio of 
4 to 1 for 200- volt and from 2 to 1 fur tOO-\olt circuits. Further, 




382 



ELECTRICAL ENGINEEKINXI 



CHAP, 



the choking effect can t>e adjusted to suit any ciirrent and periwKcitj 
of the altenuiting curreut 

We miiy irow with adiant^ige mentiun some iiiJ|K)rtaiit pc»int8 
relating to the ilhiniinatiori tlerived from arc lamps iu general. 
The eandleijower (cp.) of such lamps depends upon the current, 
voltage, length of nrr, (|Ua!itY and rliameter of carhons» enclosing globe, 
and natui-e of current, whether direct current (B.C. ) or alternating (A.C.), 
and the pofiition of the arc in tlie globe. With so many dependencies, 
makers of arc lamps have given up even mentioning candle-power, and 
content themselves hy rating their lamps on the ciuTent and voltage 
i-equired. The c.p. does, however, range from about 150 in the* 
midget tyi>e.s (tjiking lA ampere at about 65 volts, iy. 97 watts) lo« 
over 3000 c.p. in some of the *oi>en* tyi>e8 (taking 12 amperes at 55 
volts, i.e. 660 watts) with globe or globes complete. 

The globe, however, absorbs a large percentage of the light emittjed 
from the arc itself, but on the other hand helps to difluse it more^ 
uniformly iu space. From photometric tests on the al»8orption 
light by globes of diflFerent kinrls of glass used for the purpose^ we 
find it to be al>out -S per cent for clear glass ; 1 1 per cent for holo- 
plane glass; 30 percent for light ground glass; 40 to 50 percent 
for heavy ground glass ; and 50 to 70 ])er cent for strong opal 
gbiss. It has been proved experimentally that the best results tan 
obtained with the art^ at the centre of the globe. The optical efficiency 
of the naked arc is therefore usually much greater than that of the 
lamp with globe, the latter ranging from al>out J lo 2 watts [»er 
mean spherical candle-|>ower (see p. 370), according to the type of 
lamp used. It h from 10 to 30 jier cent greater with 1>.C. than 
with alternating currents, and is some 75 per cent greater in 'opi-n ' 
type arc lamps than in the ' enclosed ' type used with D.C. 

It is interesting to compare both the intrnaily and tlu4nimiuin 
of illumination in the case of open and enclosed arc lamps. Some 
time ago careful tests of c.p. at various angles were made on a 
number of different make.^ of tyw'n arc lani|>s with globes. Tliese may 
now be compaie*! with similar t«"sts on a Jandns rnrkh^eil arc lamp, with 
clear inner and outer glolies, .uul run from 1 10-volt mains with 80 
volt« across the arc nnd an avem^^^e current of 5Ci amperes through it. 
The maximum c.p. was found t^j be 1295, but the results for the 
* enclosed and the mean of those for the ' open ' arc testa are both 
reduced in proportion, with a maximum of 1000, and plotted in Figs. 
254 and 235. The carbons and lengths of arcs are drawn to scale 
in both cases. The latter, it will be seen, is a controlling factor in 
determining not ordy the angle of maximum c.p., but also its range in 
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ii \'ertical plarte. The nuLniniim rays from the loutf or fiidnsed arc lamp 
(Fig, 234), from their gi'eater eleviition, stiike the ground at nenrly 
twice the distance frora the lump that those from the open arc type 
do, while being more evenly distrilinted, Tho relative forms in which 
the carbons burn away ai'e weJl illustrHted in Figs. 234 and 235. The 
burning hours are incr<»ased by decreasing the size of the combustion 
globe of the euch)sed lamp, but for the usmil size the conevimption uf 
carbon is about 0*05 in. per hour for the 4- **, and 025 in. per hour 
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EtiftONcil Arc. 



' Boy 



8// '^^^ 

Fiu. SS&.-llpeti Arc. 

for the - " carbun. With ultornating current enclosed arc lamps the 
rate of coriBUmption *4 caibuii is about 00 iti. per hour. 

Variation of C.P. with Diameter of Carbon.— This is well shown 
by the results of souie testa on n Um\K Uikin^ ;U amperes at 80 volta, 
iy G. N. IvLstmaii-* For example, using carlKina of various diumeters, 
id measuring the c.p. always in the same direction, the following 
results were nbt;iined : — 

IM'.-IHO 322 .161 3»4 878 485 &&4 
These figures «hnw that the c.p. and efficiency increase as the 
iliameter of carbons used decreases, for the Siuiie amouni of electrical 
energy absorbed. 

hhit. iVofidand h:,ti)in. 15. pp. 722, 723, Ai>ril Ifi, 1006. 
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QUESTIONS ON CHAITEK IX 
[SapfjlfmeiU all Atisicrrs with Sifichcs irhm pc»nbU.\ 

1. Wliy are glow.luiupa generally arranged iti i»ar»nfl, white »pc lamps ire fiv- 
qnently joined in serie* ? (Prelim, G. ami G. 1897.) 

2. Give sketches describing llie lte«t known ai-c-kmp meohtnisDja, and atat*- 
which type you would prefer to employ on a consUut-prvBsure circuit. Oivo full 
reasons, tHojis. Sect. IL U. And G. 1897.) 

3. Draw pmlar cmvcs showin^j llur distrilmtioii of liglit with au 0[Hen direct- «.nd 
with mi oi>en ultertiating-L'urrent are ; also with an enclos*«d direi't-current arr 
From these, estimate the total animnits nl ti^'Jit tlint are svut out downwartis within 
a cone, the generating lines of which niakf au angle of forty-fivo degrw* with a 
vertical line throujth the arc. (Ilona. Si-ct 11. L\ and G. 1898.) 

4. A single urc lam;i '\» m\i])\ii}4 vvnth cvirrent From n pair of mains at a press 
of 100 volts. What other H|i|taratus i» npcessary, in addition to the Iam}> itself, (a) 
when the cnrr»jitit is direct, {f>) when it i» alternating * (Prelim. C. and G. 18a9, 1 

5. Sketih ami deaeribe some forni of enclosed arc lamp, ond nn-ntion the chief 
poiutJ* in which its working diHers from that of an o^cn arc lamp. Under wliat 
ciiTumstancos will the o[k?ji arc tyjie be the more econonand to employ ? (Hon*. 
Sect. II. C. and U. 1HI>9.) 

6. What are the imptrtaut ditfermices between an arc lamp intended for use cm 
a series circuit and one employed on a parallel circuit I Explain the reason for each 
of the dilferenaes. (Ord. C. and G. 1900.) 

7. Two iii*c l«mi»H are sii]»pli*'d from dilfercnl sonrces. inw alternating, tiie other 
direct current ; the current, imlicated by suitable iiistrutnenta, in 10 anificres auil 
the pressure lot) volt« in tan.h case On the direct-current circuit the voltage on thv 
lami* terminals is reduced by 4:"i by means of a resistance coil, and on the alter- 
nating- en rri-nt circuit by an inipedeiioe coil. FIxplain why, althou^^h the current 
and voltage of the two lan^p circuits in the same, the dirici-cuneut one will con 
mime neatly twiee as much energy as the alternatiiig-ciirrent lamp circuit. 
(Hons. Sect. I!. C. and G. 1900.) 

a. DenenlM', with sketch ea, the striking and regidftting niecliaiiism of sonivgood 
foiin of arc lamp, tl'iclim. C. and G. 1901.) 

9. Why, by the expenditure of the same ainoimi of jnower, is so much more light 
prodiiced u ith an arc than with a glow lani[p f (Preliia. C, anil G. 1901, » 

10. Di.Hcusii the relative merits and denieiit'^ of oj^lu and enchwed arc lampH wbrn 
run from w 210 din'it-rurrent circuit. (Prelim. C. and G. 11*01.) 

11. Dca»ri III' .shortly, with sketches of the tvgulating niechanihui. the l»est fiinn 
of arc lamp with whivh yon are aci|uainted, and call attention to any iK>iiita whuh 
you eongidei' sj^«cially good. (Onh C. and G, 1902.) 

12. Describe accuriitelj-, but in au few words ns jiosfitible, any good fonn of mv 
lainp with which you are familiar, making clear jskotches of esisential part«. (Oi*l. 
C. and G. 1904.) 



jl 



CHAPTEl: X 

THK PRODUCTION OF ELECTRu-MOTIVE FuR<.K (TKKU.W» fJFNKHATdns 
PRIMARY CELLS — SECuXUAia' < KL[>) 



The Production of E.M.F. Thermally. — If the junction or point 
of contact between the ends of two bar^ or rods, comjjosed of (lifffrntt 
metals, is heated, ftii E.M.F. ia set up between the free ends of thi* 
bars, so long as a tliffrrcnfi' r/ temprrtthitf oxists between the junction 
und these ends. If, then, these are connected by a conductor, the 
E.M-F, will cause a cm-rent to How in the closed circuit bo formed. 
T}ie F'^.M.F., and therefore aUo the current, will be constiint as long as 
the temperature conditions ihq coiiatant. This phenomenon was die* 
covered by Seel>eck, of Berlin, iw far buck Jis 1821-2, and is observable 
with :uiy two different mutuls. It is all the more interesting, and even 
ftt^sciniiting, on account of the direct trunsforniiitiou of heat into 
electrical energy. 

The Jtrrnn^einent mentioned above is known as a tluruto-tmipU^ 
and is illustruted diiignuiunaiicidly in Fig. 236 ; A and B being the 
metal bar.<i, .T their heated junction, and C the outside circuit connec- 
tion. If the bjir^ A and B arc of nnfhnnut/ and Irinmitth respectively, 
then, if the junction J is hrtitrd to a higher temperature than the 
remainder of the bars, a current will flow in the direction of thr 
arrows. Tljis is easily remember«*d from the fact thMt the ciitrent 
Hows from Antimony tu Hi.atntuh through a Ci>ld junetiiui, and the 
letters A, H, t". If .1 t^ mutcil to a lower temperature than the re- 
niiiinder of the biirs, the ritneiit will juKt be retyrstt! in direction. 

A metal is mud to be thermo-electrically + " to another when the 
K.M,F. which they set vip tends to scud a current from the Jiraf 
fit tlif .vofud ihroufjh fhf liol junrtum. Thus bismuth is ♦ " and 
antimony - •' at the junction J (Fig. 23G), and it will ^M• noticed that 
this distinction of sign is in agi*eement with that met with in the 
electrochemical series of substances (p. *^92). namely, uny »id>8tauoe is 
sjectro-chemically -v '*' to another when ibe KM.F, set up by tijem 
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tends to send a cun'ent from the first to thf ficamd thnntnh thr Vufuid of 
the lidtaic crU, 

Now tlie thermo-electric property vjuies with every jjair of! 
different metals very considerably in 



varies 

muny cases, being greatly' 




Fio- 23<J,— PriiK'ti»I« uf n Tli'Tmo-couiil**. 



affected liy the presence of impurities, while their relative signs 
> are, in some cases, even reversetl at 

different temperatures. This last 
named phenomenon is perhaps most 
easily exhibited with a copper-iron 
thenno- couple, on account of the 
necess^iry range of teinpei"ature l)eing 
smaller with such. Sui*pose, therefore, that the twisted junction ol' 
a cu]jper and an iron wire can be heated grd<hially to any desired 
extent, and a very sensitive high-resistance voltmeter be applied to 
the free ends, which remain at the temperature of the rcM>m. Tlien, 
as the temperature inrrcnsrs co?itinuou4f/, the E.M.F. of the t:uu}>le 
(which is given by the voltmeter residing) increases to a maximum, 
then decreases to zero, ami reverses sign afterward, finally increasing 
again in the opposite serjse to wliat it did before. 

It can also be shown that the maximum E,M.F. is always attained 
at the same temperature, which is called the ntiitral junnt of that 
couple, no matter whut the temperature of the rest of the cii'cuit may 
be. Further, the temperature of reversal (TR) is as much aliove that 
of maximum E,M.F. (TME) as this latter is above the tempei'atui'e of 
the cool junction flXM). In other words, the teniperatui-e of maxi- 
mum E.M.F. is midway between the temperatures of reversal and of 
the cool junction, or 



Tm»: = 



Tk -J-Ti 



If C, in Fig. 236, is a copper >vire, say, the thermo E.M.F. at the 
junction of C and B oppjses that at J, and also the E.M.F. at the 
junction of A and C ; but since the thermihel^ine fjfttd of amj eletneiii of 
a arcuil is zero if the extrnmtm of th4if ekmnit nrr at thr samr tnn}>rra' 
ture^ it follows that when the ends of C are at the same temperature 
the E.M.F. at .J is the only one acting in the circuit. 

Laws of ThermO'E.M.F.'s. These at once follow from the above 
remarks, and may be st^itcd thus : — 

1. Tlie thermo- E.M.F, of any pair of substances is roughly pro- 
jiortional to the excess of temperature of their junction over the 
remainder of the circuit within a given range of temperature. 

2. The total or effective thermo-E.M.F, jicting in a comjiound 
circuit com(X)8cd of conductors of different materials is eqtial to the 
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iklgebraical sum of all the separate thenno-E.M.F.'8 at the various 
jiiortiona. 

Source of Thermo -E.M.F. : Peltier and Thomson Effects. — 
Peltier in 1834 discovered that the junetion of a lhermo-coui>le 
becomes hotter M'heii a current from some outside source is sent 
through it in one direction, than when the same cun-ent is sent in the 
opposite direction. Tiiis means that one junction is healed bj the 
absorption of heat at it, the other cooled by heat being evolved fi-ora 
it, Further, the cooled jtinction, if heated, protluces a theniio- 
currerit in the same direction sls that which heated it : oi\ in other 
Mords, the j miction J (Fig. 230) would be c<x»led by a current from an 
outside source flowing from B to A. From this it is seen that the 
Peltier iind Seebeck effects are the converse of one another. Thus it 
18 that in a thermo couple the heat absorbed at the hot junction is 
greater than that evolved at the cold, the difference being the source 
of energy to which the thermn-E.M,F, is due. 

The Prltirr rjfrrt must not be confuseil with the JouU effect of a 
current in a circuit, for the former is reverMcj the current heating or 
cooling the junction dejwudin*; un its directiun, while the amomit of 
heat gained or lost respectively m proportional merely to the strength 
of current. In the Joule eftect the junction is heated whichever 
way the current (low.<, and here the amount of heat is proportional 
to the square of the current (p. 54). 

The toud heat (H) developed in any circuit, which must always 

contain junctions, and hence be liable to Peltier ertect<«, is at once 

obtained if the thermo- K.M.F. (E, in volt**) produced at the heatol 

junction be known, for the relation (p. 55) then becomes — 

H=0'2:jyiC*fl/±ECf) 
= 0-:iUJC/i:CR i E) c*Ioriea. 

The Thomson Effect is that discovered by Sir W , Thomson 
(LorI Kelvin), who found that a length of tfie sume materiid, if hotter 
at one end than the other, is heated more by a current fnmi an outside 
Hource flowing in one direction through it than if the same cnrrent flows 
in the opjjosite tlirection. Also that heat is absorbed or evolved from 
a eoiiductor, according to the material it is made of, by the passage 
of a current through it when its ends are at different tempoi-atures. 
For example, heut is absorbed Viy a copper conductor when a 
current flows from the cold to the hot end, and evolved whesn the 
ciirrent is reverse*! in direction. The oppo^iite is the case with iron, 
while lead is the only metal not exhibiting the effect at all. For this 
reason, Iciwl is taken as a sUindard of zero from which to measure thn 
thermo K,M.F. f»f other materials at all temperatures. A thermo- 
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electricul series uf materiai.s cari tlrus l»e fnmiecl, showing the therm* 
E.M.F. pruduued hy heating the junction of ii single couple, foinn 
by &uch with lead, 1 " C. higher than the rest of the circuit. Win 
the thermo-?I.M.F. jicts from them to the lead, thi-ough the junctioi 
they are called t" elomeuts ; and when the E,M.F. ucts from th< 
lead to them, through the juiRtiuii, ihey are called - '^ elements. 
The following table gives the approximate values of the thermo-j 
E,M,F.'s of diJferent substaiicej? with lead for l C. ditterence 
temperature between the hut and cold Junctions:— 



TABLK -WI 



Bub^tnnce^ 


TI»»rn>o.E.M.t'. 

in Mfcpiivtiiu 


* BiKiiiutU, pressed wire 

BiHmiith-autiinoiiy alloy (10 t<» 1' . 
BismntU, oniUmry ... 

» ColMilt .... 
Nickel . . 

* German silvii . . 
PalkfliuTji 

Mercury ... . . 

bead 

' Tin, imre wiro pressed . . 
' Cop[n.*r, coiiimeicittl . . 

Tlii, oixHimry 
^ PlfttimiJii . ' . . 

* Goia . 

GrtdiniiuH ....... 

' AtiiiftJiJiiy, pure wire prt»ssetl 

' Silver ..... . 

' Ziuo . . 

1 Copjw^r, electrtdytk fiine , . . . . 

* Antitiuitiy. comuiercial wire prvssii«! . 

^ Areeuic 

Antimony, ordinary . . 
' Iron, [tiau^jforte wiru . . , 
' Red plujaiiliorii.H ... . . 

Antiwoiiy/im: alloy i2 to 1 ) 

Copper sulpliitb ... 

Antitnojiy-cadiuinni allov (1 lo 1) 

* Tellnriiiiu ....... 

Sekninni ........ 


+ 89 to 97 
^ 64-5 
^ 4(1 
^. '1-2 
-V If.',' 
+ W'u 
+ 6-i< 
-i- 3-J 


- 01 
0-1 

' 4 

- 9 

- 1-2 

- 2-4 

- 2-S 

- 30 

- 37 

- 3 H 

- 6 

- 13-6 

- 17 1 

- 17'5tol'2*«$ 

- 29-7 

iy6-7 

-23i*S> 

- r.02 

807 



The thernio-E.M.F. between 0' and 100' C. of couples formed 
chemically pure lead and alloys of nickel-steel, plaiiuum-iridiui 
alnuiinium-bronKe, brass, Germau siher, and teiegraph bronze ba 
been determined by K. Steinmanu (L*u7«_/;/«'s retidtts, 130. pp. 1300-130.%' 
May 14, 11>00). 

' DetermiiR'd by Mattliie-stn-o. The rettiaiuder, toj^ellier with «nlialt, G« 
ailver, tud plntiouni, detemiiiied Hy Beci|ueieb 
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Mr. G. Belioc {Cmnittts rrtt'Iuy, 134. pp. 105, 106, .Taimarv 13, 1902) 
Hnd« a 28 percent nickel-st'eel to have a high therma-E.M.F. amuiint' 
iiig to 6300 niiaxivolts at 196' to 400", with ati unnfiually high neutral 
point of 49ri\ 

Mr. A. Heil {Zeiischr. Elektwehtiti, 9. pi», 91 97. .laiiuary 29, 1903) 
gives a length}* reWse*! thermo-electric series in which the thenno- 
E.M.F. s of a large nural»er of elements and alloys with eonstantan 
(60 |>er cent cop|»er, 40 per cent nickel) at various temperature 
differences are rietaileil He has developed a new very eflficieui 
couple with constantiin and the alloy antimony and zinc in the 
proportions 122:65. This gives -h 0045 microvolt for a tempersh^ 
ture difference of 230 C, and ^ O'lSO raicnivnlt for alKuit TiOO" C* 

For 1^ l\ difference in temperatnro between the hot antl cold 

junctions of a singl« thenno-conple, mu*ie up of iiny two of the aUove 

Kuhst^nces, tho K.M.F. in microvoUs, or niilliMntbft of a volt, can at 

once iMi (jbtained by subtracting the lower one of the two in the tabic 

from the other. For example, the EM,F. in microvolt« of a 

I?ickel-l*'n<l •'onpleii{15'7i-0) = 15*5 from nickel to leafl through jitiirt ion ; 
Lf«»d-yin*" cmi(»le = (0 ^ ( - 3-7 1 = 37 from lead !o zinc throii^li junction : 
Cohnli-niftT-ury coui>l« = (22 - 3'2) = ]&*8 from cobalt to mercrirj' thn^ujih junction ; 
Cobiilt -silver 041U pi e=:(it*2 - 3) = 19 from cohnlt to silver through jiuietioti : 
Oohl-ftilver o«»iiph^= - I '2- ( - 8} = 1 "8 from goUl to silver through junrtioi). 

For 100 (\ difference in temperature lietween the hot and coltl 
junction, the E.M.F. would be 100 times that given above. With 
sonie coup!c% however, the E.M.F. varies with ihc tenipLTutnre, bnt 
not directly proportional to it. For institnce» the E.M.F, might be E 
at lOO"" C. and only lA E at 200 C, while the E.M.F. of .mother 
couple might fall with increase of ton>]>erature up to the nmtm! point 
At which there is no E.M.F,, and then inciias** for fiin1i<'i- intieMH'niK 
of teTn|»omttu"e, as mentioneil un page 38() 

These effecf^ may conveniently he sludicil l»y what is kiitjwn as 
llie l/ieitmt-i'ltrhir tt'utgmm (Fig. 237), which ^hows the relation l»eUveen 
the l^emperature and E M.F. of the elements forming 8e]Mirat4* couples 
with lead. In tliia, the slope of the lines for the different metaln 
ahow^ the Tk»inmn fjfrd in each ; and it is seen tlmt this ia gre^itest m 
iron, very little in ahuninium, and iiero in lejid. The EM.F. in 
micnivolls per degree of any pair of metaK-J is given by the vertical 
intercept between tliem at the given temperature. For example, in 
an iron-xinc cou|»le at 0" C. it=lfi; at lOO^C. = AB=7; at the 
neutral point N. or point of intersection rif the iron and zinc lines, 
it=rO, the tempetature being atrno»t 2(fO ('. ; while sit 300 C it - 
1 h 7 microvolts, btit acting in the npposit^e direction to that at 
Al» The arrow-heads show th© direction through the hot junction. 
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Some couples have no practical neutral points, f.ff. pHlladiamiron 
Hncl cupper-silver, these being reached either much Wlow «ero or 
at extesaively high temperatures. The total or effective KM.F. of 
a couple is ohUiinod fiou) Fig, 237 sis follows. Let E be its total or 
effective KM.F. when the temperature of the colder junction is T, 
and that of the hotter is T^ Also let V be the EM.F. of the more 
+ •" metal of the couple with lead, and let r be the E,M,F. of the 
more - ^ mftal i>f the coupJe with lead, each at the mean teroperatur«) 

r C. = (J^~') V. Then E = ( V - r)(T^ - T,) microvolts. For ex 
ample» assuming an ironzinc couple^ let Tj^ and T^ be 50^ C anicl 150" 
C- Whence T = 100" C, and at this temperature Y = - 4 and r = - H. 




-IS 



100 200 300 400 SOO 

Degrees Centigrade 

Fm. 237. — Thenno^leetric LHiioiun ^liiiwinit Vnrintlfiu or E.SI.K. with Tetiifwrtiaiv. 



Therefore E = J - 4 - ( - 1 1 ); ( 1 50 - 50) - 7 •. 1 00 - 700 microvoltt 
If AH \ii\ the iitffirt'pi betwetiii the iron and zinc lines, i.r, the P.D. ii 
initrii\ oils between the Juelals (i>er degree C.) ut the menu teniperatui 



(T), then K - AH(T,, - T,) microvolts, where AB 



4-(- in! = 7. 



We are no\s' ^dile to see the inipi»rtjint bearing of a thermo electrie] 
diagram on the tlesigii of therniu-eoiipley, for it tells us that coupler) 
with u practical neutral point should either be avoidefJ or that th©J 
miige of tcm|ierature shuukl be carefully chosen to obta.in a good! 
result. It will In* seen that the actiud E,.M.F, <»f any of the conph 
is XQvy small even when high differences of temperature arc employed.! 
To increase it* a number of similar couples can be connected togetlier] 
so that their indis idual E,M.F.\s are added together, the arrangement 
lieing then ternied a tkernwpite. Fig. 238 indicates diagi'aromaticalljpl 
the pruieiple. but not the e.xact form, of the usual mctho<l of cou- 
stnictirig a thermopile. The two elements arc connected end on 
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ejwh other in alternate order, and run nearly radifilly lietween a 

heating-chimney 11 and another cylinder C cooled by running cold 

water thrmigh it One set of similar cleineiits is shox^n }jy full Hues, 

the other get by dotted lines. The heated 

junctions ai-e therefore the even numbers 

2 t<i 10, while the cold junctions are the 

odd nundicra 1 to 17, the terrainalrt of the 

pile being 1 and 17. The individual 

E,M.F.'s all act in the sfime direction, s(i 

that the total E.M.F. = th*' KM.F. of one 

couple fuultiplie*! by the nuinher of couples. 

Fig. 2.H8 shows eight couples in series. 

A thermo-pile conimoidy met with is 
that of Clamond^ using iron with an alloy of 
antimony ami zinc for each eon pie, tiOOO 
. of these, heated by coke, gave 109 volts, with a terminal resistance 
of ln*f» ohms. The choice of substances should rest with two as far 
ajwirt in th«j table, jjage 388, as possible, pix)\nding neither is too 
easily fused or oxi<lised. 

The author haw for- some years been using a thernio-electric 
generator, made by Mr. H. Barrington Cox, which is capable uf 
giving a current of 3-5 amperes on short circuit and an E.M.F. nf 
5*0 volts on open circuit, the internal resistance increasing witli the 
current froni 1"0.*> to 1*45 ohii^ The gonemtur is about (i in, long by 
nitout 6 in. in diameter, and has a wuti-r jacket on the outer periphery. 
A ccntml hunscn Hame is spread out over, but doen not actually 
touch, the w;dls of tlu' central cylindrical hole. 

EfHeiency of Thermo Electric Generators. — This is very low at 
present^ but it is quite possible that means may be found to increase 
it. According to Fischer, sijtui^ years ago, only from 0'3 to 05 per 
cent of the heat iriergy is ctuivertLul into electrical energy, and it 
is donbtfid whether this figure reaches 1 per cent in present-day 
thcrmo-piles. 

As is the case with many other phenomena, t,g, self-induclion 
(p. 194), thermo-E.M.F.'s may be either very usefully employed or 
their pre!<enc«' may be most undeRirable. An instance of their use 
is in clcctru mctallurgicjil work, especially abroad ; also in the me^iisure- 
ment of temperature (p. 273) i while, on the other hand, their presence 
is most undesirable and a source tif inconvenience in some kinds of 
electrical lesting. 

The Production of E.M.F Chemically: Primary Cells*— Of the 
various ways and means for obtaining an electro-motive force, some 
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of M'hicli have already been considered], tlmt resulting from L^ 
transforraation of chemical energy into electrical eiiergy is one 
the most important. The chemical action which causes the tran 
formation and produces KM.F, may be of two kinds, namely :- 

1. A decomposition and reduction of one or more substaticef; froi 
one fortn to <iiiitc a dift"<^rent form, the on^Hnal state not beini 
obtainable ai,'aiii by a reversal of the primary action. 

2. A decomposition am) formation of one or more sulietam 
without change nf form, uud theiF sul>8equent re-formatiun by secondat 
or reversed actioji. 

We u'ilt now consider the various electrochemical appliances 
which answer to the first- named principle, and which are called 
^•o]taic, galvanic, or priuiarj' cells. 

When any two nietallic sulisLances are placed in a solution whici 
is able to attack one of them more than the other, an K.M.F. is sefcl 
up between them, anfl the arrangement constitutes a primary cell. It. 
the metjtla are connected through a conductor outside the cell, thi 
E.M.F. will cause a current to Hnw, luniir^^rfpvi in,^itir ffif rt-ll ht-iiitj ffom' 
thr more + '^ mM to the otht}\ and therefore in the upjKjsite direction in 
the conductor. The more + ^ metal is the one which attracts oxygen, 
i,e, oxidises, the most readily of ihe two used. Tt is theiffore 
IKJSsible to arrange the various elements in order» according to their 
chemical affinity for oxygen, which is identical with the contact aerie 
of the elements in air. The order indicates fhrmifiuhj affinittf for] 
oxygfu, or, in other words, is such that each clement becomes positively 
electrified when in contact (in tiir or %»^/t/) with any other below it] 
in the scries. The following elements are thus aiTanged in order: — 

- Mftgneshuii 
'/Aiic 
Iran 
Cobalt 
Nickel 
Lend 
Tin 

Bkinuth 
Copjier 
Slereury 
Silver 
riatinum 
IJold 

Hydrogen 
Aiitimouy 
('miJioii 

It will now be convenierjt to consider one of the simplest forms ofi 
primary cell, which, although not used in practical everyday worl(, 
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vill serve to illustrate fundamental principles ami to show bow 
UDflesirablc Hitrihut*^s have been impn>veil or *'|itTiiiKited. The con- 
struction is shown in Fig. 239, and con- 
sists of two plates, one of copper ((/), the 
other of xinc {'/,}. ili[)ping into an oxitlising 
volution sucli as a dilute soltitiori of 
sulphuric acid and water, which is con- 
tained in a glass or glazed earthenware 
vessel V. The plates Z and C arc con- 
Iiect4;d to the terminals B and A of the 
c«ll by stout wires. If the plates Z and 
C are practically pure, then no action 
of any description lakes place by reason 
simply of their inimei-Hion in the sftln- 
tion ; but if an external circuit H is 
connected to A and B, a current at once 
flows in the dire<tion of the arroMs. 

The flow of current, as long as it 
lusts, is accompnied by a j^adual con- 
stiniptiou of the zinc plate Z, but this 

ceases wiien the circuit thiough U is opened and the ctUTent in 
conse<pieiice stMpped, Whether the cell is «»ii open circuit or giving 
current, tlie eojiper f»late C is not acted on chemically at all, so that 
what really huppens when a cnrrent flows is this: The zinc and 
oxygen lib<>ratcd comliine to form zinc oxide^ which is at once attacked 
by the sulphuric acid, and zinc sulphate formed. The liydrogen gas 
prodnceil in the <ieconipositinn, although evolved at the surface *>i the 
zinc plate, is libcrateil from the cop[»er plate (ride ]h 37). Now the 
rbemical symbol of zinc is /n, of copper C'u, of hydrogen 11, of 
oxygen O, and of snljihur S, so that the composition of a compnund 
ccjuiposed of two or more of these eletricnts is at once known by its 
chcmiod symliol. F'*r example, sulphuric acid is represented by the 
symbol li.SO^, meaning that each molecule, i>r smallest pnrtiele which 
can exist in a free state, consists of two atom.s of hydrogen (Hy), 
one of sulphur (S,, or simply S), lunl four of oxygen (O^). The 
chemical action ins^ide the above cell can therefore be slated hr 
follows : — 

Zinc ami sulphuric acid [jiodure yJnc sulphate and hydrogen, or 

Thus the zinc anil acid are used nj», while zinc sulphate and hydrogen 
are fomied, ihe electrical energy resulting being the equivalent of the 
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chemical work done in the cell, winch is therefore an electro-chemical 
transformer of energy. 

As the ctirrent Hows from A to B Uirou^h R {Fig. 2.M0;. liio len ' 
A is called the + "* ]>oU\ and B the - "*' pole ; while the plate C i- t,i 
- '*' element, and Z the + "" element. Zinc being a readily oxidisable 
metnl, and st^mding high in the list (p. 392) as an electro- positive 
element, it forms the - '" pole or -r^ "^ element in nearly every primary 
cell. Carbon, platinum, silver, and copper, on the other hand, being 
much less oxidisable thiin zinc, and standing high as electro-negative 
element*?^ are usetl as the ^ '^ poles or - ** elements in various types 
of primaiy ceils. From what has now been said, it follows that a cell 
will be most cfhcietit, and have the highest E.M.F., when it employs 
elements which are farthest apart from one another in the series 
(p. 39l^). 

Polarisation. — The hydrogen ^as liberated from the copjwr plattr 
(Fig. 239) sticks to it in considerable quantity, and covers much of Jts 
surface after the cell has l)een sending a current for some time. This 
is very objeetionable for two reasuns, namely: (1) it increases the 
internal resistance (that from plate to p!ate) of the cell by diminishing 
the eflective suiface of the plate, all gases being 1:>ad electrical co^^f 
ductors ; (2) it ereates a eoimter, or back, E.M.R in the celb f<^^ 
hydrogen, being electro-positive to zinc and as oxidisable, forms tempor- 
arily an electro-chemical couple with the xinc plate Z, and 8et« up a 
Imck E.M.F. frum the more - '^ element, the hydrogen tilm» to the 
more negative elenient^ zinc. The effective ternnnal E.M.F. of the 
cell is theref«»re the tlifiereix'e lietween the projMjr Z» to Cu E.M.F. 
and the tenjporary H to Zn E.M.F., ao that both the E.M.F. :uid 
current fall oti', and the cell is siiid to Ije imfmisrii. 

The- most successfid remedies against internal polarisation arc OI^H 
a chemiciil and electio-cliemiea] nature. For instance, if a highlj?* 
oxidising substance, such i\s manganese pcro.viik, peroxide of lead, 
oxide of copper, potassium )iiehromate, or chluride uf lime (bleaching 
|)Owder), is aJded to the acid, the hyilrogen gas produced is desti-oyetl 
while in the nascent stjite, usually with the formation of water. Such 
depolarising agents attjick eortain of the elements, c.(7. copper, and 
hence can ordy be used ix\ carbon-zinc or platinum-zinc cells. An 
eleetrochemical remedy is to arrange matters so that a metal, instead 
of hydrogen, is liberated at the - "* deiufvl. 

Local Action. — This results Ivom using coninRTLial instead of pure 
elements, and is confined mostly to the zinc. To understand what 
goes on, imagine one of a large number of partich'S of imi)urities, such 
jis iron, to bo in contiict with the solution, and making a much poor* 
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contact with the suiTouriding zinc. Then the prece*ling pniicipJeri tell 
lis that a local internal current will be set up from all tlie zitie pjtrticles 
in the tieighlKnuhf>oct to this one of iiou, rm matter whether the cell is 
on open or closed external circuit. The jjinc will therefore gradu- 
ally consume away, gi\ing rise to what is known as local admt^ 
t.f- the prcKlnctiriii of useless iutenml currents. This can he 
eliminated hy using pure zinc ; hut aa this ia very much more expen- 
sive than coniraorcial zinc, the latter is always used, in which case 
hx'ul action i.s mininiisetl hy anialgamatini< the zinc, i.e. covering up 
the inipnritie>4, from contact with the solution, hy means of mercuiy. 
This ia done by fii*st cleaning the zinc with dihUc sulphuric acid, and 
then, while it is wet, nibbing over it, with u rag, two or three dT'ops 
of mercury. The plate attains a l>right silvery lustre, and is coated 
with art amalgam of mercury with the particles forming the surface of 
the plate. Excess of nierciu y muKt lie avoided, as it only maken the 
zinc piatt^ brittle ; and, fnt tber, this latter must be quite cK'un, or the 
racrcur}' will not amalgamate with it A better way is to athl abmit 
4 per cent of mercury tu the mohen zinc beffire casting it into plates 
or rods, ft prevents the wasting away of the yauc when the cell in 
sending no external current by covering up tlie impurities in the 
xinc» while in no way affecting its action when sending current. The 
E.M.K. of a cell with its zinc plate amalgamated i;- not, however, as 
consUnt as it would be with a plate of pure zinc. 

Desiderata In a Good Cell,— K Its E.JLF., whi< h in a cell of given 
muleriuls is entirely independent of the sh;ipe and size of the |»artSj 
should bo constant, and as high as possilile. 

'2. Its internal re.sisUtfice tihould bi> snivdl, which i« obtained by 
having the plalcrf large anci close together, artd the intervening substance 
of go<xl ctnuluctivitv. 

3, It should be free from |>olarisati(ni and local action. 

4* It should i»a\e plenty of working material, which should not \m 
uf an expe?i«ive nature. 

Although man\^ g<M>d piimary cells exist, none fulfils every one of 
the alKxve reijuirenients sintultanennsly. iViniary cells may be classiHed 
into (1) single-fluid cells, (2) two-lluid cells, (3) dry cells ; but space will 
not permit of description of njore than one or two of the most 
promitient examples of each cla«8 in everyday use. 

The Bichromate Cell. — This is of the singlo-rtnid type, conUiitung 
the depolu riser bichromate of potnsh or of srHla, ami was devised by 
I'oggemloiff, It consists (Fig. 240), in ihe bottle ffUin, of two hxed 
carbon phit«s c<mnected electrically to the left hand terminal. Between 
these carbon plates, attd earned by a metal rod which can slide up 
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and down and be clamped in a central guide, is a zinc plate electrically 
courifcti'd to the right hand terminal. This 
arrangement enables the zinc plate to l*e 
raised nut of the solution when the cell i« not 
in use, thus [ireventing it fi*om wasting away 
through loiuil action. The solution consists of 
sulphuric ncirl, water, and potitA*ium l>ichromat4% 
jind tlie best results will be obtained with the 
following proportjims : 1 pint of roncentraled 
sulphutif acid [up. gr. 1*845), 1 1 pints of cold 
water (HJO), and 1 lb. of powdered potajisiura 
bichromate (K^CVjO;). When a current ii 
given by the cell, tlie cheniical changes may 

be represented by the relation — 

from which we see that zinc sul[ihatt' (ZnSO,). potfissium sulphate 
(K^SO^), and chromium sulphate (Cr^(SO^).^) are formed besides water. 

The bichromate cell is also made up in a sliglitly different forni, shown 
in Fig. 241, in which the carbon plute or rod is containe*! in n jwroiis 
pot of unglazcd earthenware. Surrounding this is a cylindrical zinc 
plate provided with a connecting big or strip, anfl containing all, is an 
outer glazed earthenware jar. The 
porous pot contains u sohitioti of 
pottissium bichromate and sulphuric 
acid, while the zinc plate is ininiensed 
in ether dihite sulphuric acid or a 
solution of common salt (NaCl) and 
water. In the lirst c<ise the cheniical 
action is that given above ; in the 
latter case, with the Scdt solution, zinc 
chloride (ZnCI.,) is formed instead of 
zinc sulphate, and sodium sulphate 
{Na.^SO^), in addition to chromium 
^dphate. 

The hichi'oinati! cell gives an EM.K. 
of alxiut 2 volts, anrl lias an internal 
resistance of fr«>m 0') to 2 i>hms, accord- 
ing to the type of cell anrl its condition, - ; -^^ 

whether newly made up or requiring a ''*"^"" *'"*' 

recharge M-ith solutions, etc. An excess of the bichromate should 

always be present, f^r I In- cell I>egin8 to fail when this ia exhausted, the 
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orange colour of the solution turning blue. When this is observed, mure 
bichromate should lie added ; but if the cell fails without the solution 
changing colour, then more iicid or salt, as the caso may be, is recjuirecl 
No fumes are given otf from the cell, but the KM.F. falls after it 
has lieen sending a current for a little time, recovering, however, when 
the cell is allowo<l to rest. The IC.M.F. falls very slightly for large 
inereases of temperature. 

The Leclanch^ Cell. — This is a mie-flmd cell ha\ ing a solid oxidis 
ilig or tk'ijolarising agent, and is used very extensively in practice for 
giving intermittent currents. It consists (Fig. 2 4*2) of an outer glass 
jar contiuning a solution of sal- 
ammoniac (ammonium chloride) with 
water, an<i some surplus crystals of 
this substance undissolved at the 
Itottom. A cylindrical zinc rod, to 
Ihc upper end of which a copper 
connecting - wire is attached, dii>s 
into the solution. Iinmcrfit'd aLso in 
this is a j^orous pot of unglazed 
earthenware containing a carbon 
plate packed in tightly with jjjrariules 
of broken givs carlxjn mixctl m ith the 
tiepola rising agent, manganese j»er- 
oxide (MnO,^). The mouth of the 
pomus pot is scaled with a layer of 
pitch, in which two small tubular 
vent-httles are left for enabling 
solution to be poured in through one 
of them and gas or air to escape through the other. The terminal 
screM' is fixed either to the carbon <jip which forms the end of the 
carlxm plate, or to a lead cap cast ou to the end of the [)iitte. In this 
latter case the lead cap is practically riveted on to the plate by the 
lead runin*ng int«» two or three small h«ilcs drilled sideways through 
the end of the carbon plate. The contents of the porous pot i^hould 
be free from dust, so that as much of the surface of the c^irbon plate 
and pacliing as possible is presented to the solutiofi. The function 
of the jK»rous pTit h merely to keep the content* together, and not 
to keep the solution out. In faet, to emible a new cell to be U8e<i 
at once, solution must be poured jnto the pot as well as into the 
outer jar, otherwise time must be allowed for the solution in the 
outer jar to diffuse through tlie porous pot and fill the sp^ire sjMices 
in it before the cell will work. The rim of the outer jar should 
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be dipj>ed iiiio some eiuiinel conij>ound so as to prevent the solut'u 
creepinff over the rim of the jar to the outfifde. 

The chemica] action taking place when the cell sends a current niajj 
l>e leprt'sotilod hy the following cijiuition : — 

The white salt zinc chloride (ZnCL), iminganese sesqiiioxide (Mn^O^), 
and water (H^O) are formed, while ammonju gns (NH^^) is given off. 
The hydrogen gas, which tries to get to the carbon plaU.% is 
oxidised slowly Ity the MnO.,, so thitt if the cell is made to give current 
for some time, the hydrogen ie not oxidiHcd quickly enough, ami 
pohiriswition sets in. The E.iM.F. consequently falls, V«ut rccovei^ its 
original ^alue when the cell is allowed to rest, and when the Mn<X 
therefore has time to reduce the hydrogen to water. 'Jlie cell begins 
to fail when the solution turns milky, for this means that the sal- 
amtnoniac is exhausted, while zinc oxide is being formed insU^ad of 
ziric chloride. More sal ammoniac shouhl be added when this is 
observed. If, however, the cell fails without the solution turning 
milky, more MnO^ is required foi* oxidising the hydrogen. The 
carl>on undergoes no chemical change at all, and will htst for any 
length of time, but the zinc gradually wastes away, furnishing with 
the sal-ammoniac the electrical energy developed. 

The imrticular form yhown in Fig. 24*2 is known as the ' Wll' 
form, from it being so generally employed for ringing electric bells. 
The Leclanchc cell stands pre-eminently suitable for such intermittent- 
cun-ent work, and will run for many motiths without any attention 
other than acMing a little water occjij^ionally to supply the place r)f 
what has evaporated. The KM.F. is about 1*47 volt, and the 
internal lesistamje may be anything from j to 2 or ^ ohms, acconling 
to the siite of the plates, their distance apait, the density of the 
solution, and thickness of the porous pot. 

When a cell with a smaller internal resistance is required, the 
so-called agglomerate form of Leclanche (Fig. 243) is employed. 
It consists of H central flute<l carbon rod carrying the terminal Idoi'k. 
Each of the Hitted grooves in this rod contains a cylindrical rod com- 
posed of a mixture of powdered carbon and manganese peroxide with 
some binding material to cement the mixture together when formed 
under pressure into rods. These rods are held up against the Huted 
carbon rod by a tight wrapping of coarse canvas with two intliJi- 
rubber bands outsitle. No porous pot is necessary, and the cylindncal 
zinc plate surrounds the canvas, the whole being contained m an outer 
glazed earthenware jar, as shown in Fig. 243, which conUiins ihc 
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usual solution of siil-ftmruoniac. The intenml resistance of this 
agglomerate form may be iis low ns 0"3 olim when the cell is in good 
condition. 

Other nioditications of the Lecliiiicht^ cell iire in use. One of tlu'se 
employs a sack of coarse canvas iustejul 
of the |iorous \k}1 ; otherwise, the con- 
struction is |»reciHely that of the ' hell ' 
form. In another type, the zinc rwl is 
contained in a cetitral porous tube which 
is tixetl to an outer cjirboii cylinder, the 
sjMice between being tilled with pellet.s 
of ga.^ c^irbon aud manganese peroxifle. 
The intenuvl resistance is st^mewliat less 
than that of the 'bell' fonu owing to 
the absence of the poroiiH j>ut. 

Dry Cells. Thef>e iire, one and all, 
modifications of the Leclanche cell, and 
contain no lirpiid that can spill. The 
name is a misnomer in the sense that 
the contents are not [lerfectly dry, but 
comprise a wet jellydike mass or paste 
inst'CJid of liquid. Will -known types 
commonly mot with are the Ofnn^h^ the 
(Jfithny, the KJ'J'., the /'., the A'.N., ami the Ihtiin, As the etjn- 
struetion is much the same in all of them, we may merely imlicate 
the general principh^s invulvcd, 

The elements employed are carWri and /ine, the latter being in 
the form of a rectangnliir or cylindrical pot which is covered on the 
outside with cjtrdboiird or ]>aper. Thi>* /.inc pot is the r ''' element ur 
- *'" |M»lo of the cell, and contfuns the c.irbnn plate in the centre, but 
without touchini^ it. The intervening space is tilled with a mixttire 
of coarsely jK>wdered carbun, manganese peroxide, sal-ammoniac, and 
often a small [icrccntage of zinc sulphate, the whole being made into 
a stiff* i>aste by the additiun of water and glycerine. These last- 
named only serve to bind the other ingi*edicnts together^ and take no 
part in tlie cheiuital aetion in the cell. The contents are sealed in 
by a layer of pitch at the top, through whieh two ttibulsu^ vent holes 
are insertcil for the escape of gas, etc. 

Fig. 244 shows three V dry cells connected in scrits ui a box 
with terminal flcrews at the ends. The L.M. K of all types of dry 
cell is alM)Ut l'5r» volt, while the internal resistance of new cells 
may be from 015 to U^i ohm. A V dry cell *S ins. diameter by 
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7 ins. high and weighing 3*06 Wn. h rated to give a current of 7 A to 
10 Hmperea at 155 volt, or ;il>onL 40.^5 watt-hours, when dis- 
charging through an ex 
tenial circuit of G ohms, 
iho internal resistanw 
being 0*015 r>hni. Also, 
a V dry cell 1 A in. by 4 
ins., weighing 53 lb., 
gives 2i to 4 amperes at 
1'5 volt, or about '"'OS 
watt-houi*8, through 12 
ohms, with an internal 
icsiatance of 0*3 ohm. 
Dry cells gia<lually pol 
arise, and their E.M,F. 
, ,1 slowly dmiinijshes on dis- 

charge, but recuperates 
somewhat during rest. The internal resistatice slowly increasi*s with 
discharge, and the current given is much greater than that obtainable 
from oi"diriary primary cells on account of the smaller internal 
resistance. 

The Dutiiu dr}^ cell made by the Atlas Carbon and Battery Com- 
pany, of London, differs from all other dry cells in that the aggloraerata 
mixture is contained in a linen siick, which is very carefully tied in 
all directions by hand, and the e]ectrol3te is in the form of a jelly. 
The advantages claimed by this motie »»f consts-uction are low internal 
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resistance and absence of local action while the cell stands idle. These 
cbims are well substantiated by the fact that the Dania cell is practi- 
cally thi' only cell whiih can be stocked for long pcn'ods withoet serious 
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drop in E.M.F. Fig, 24.*) shows the fall of terminal E.M.F. of a 'C " 

size (Tiih x 2j'iri. diameter) Danin dry cell when di.scharj;ed continuously 

through a constant external resistanco of 

I r> ohms for 50 days. The internal resistance 

was (I- 13 ohra at the start, 0'47 on the 

seventh, and 1*71 ohm on the fiftieth day. 

Total otU|nil = 3(.Kl> watt'hoLU's. 

The Danlell Cell — This is an example 
of a tuiffiiitd cell h.iviji^; u remarkahly coii- 
stmit KM.F. and showing very little polar- 
isation. One form of it consists (Fig, 246) 
of A small copper cylinder inside a pf»r«>us 
|»ot containing a solution of crjpper sulphate 
and water. This is again immersed in an 
outer glass or glazed earthenware jar con 
t^iining either dilute sulphuric acid or ziiu 
sulphate in which dips a cylindrical zinu 
plate as sliown. 

The chemical action talking place loi the cell sendirjg a current is 
as follows : In the outer jar 

Zn + H^O^ = ZttSO^+Ha. 

The hydrogen gas thus produced travels through the acid solution and 
porous put^ and, coining in eojitact with the copper solution in the 
latter, at once displaces ;in electroehemically e(juivalent quantity of 
copper. Thus, in the inner jar, 

the copper being deposited on the copper plate instead of hydrogen, 
i\% wjiM the easr in the cell (p. 3r»S), 

In this way [uilarisation is entirely prevent^-ri by eUdro-cfumiral 
HCtioti (lyulr p. 3114) so lotig as the copier siUpliate solution remains 
satiu'ated. This is ensured ^^y alwa3\s havirej; a 8upply of the crystals 
of Cu»SO^ at the bottom, which arc therefore gradually used up. 
The copper plftte gradually grows by the deposition of copper on 
it, while the zinc plate wastes away to form zine sulphate ; thus 
sulphuric acid is gmdimlly neutralised in the outer jar and forme<l in 
the copper sulphate solution. If a semi* sat urateil solution uf zinc 
sulphate be used instead of the dilute sulphuric jicid, the zinc stfll 
wastes awHV, and thereby increascH the tlensity of the ZnSO^ sohitiorr. 
With .stdi»huric acid, the E.M.F. is higher, but not ao consUmt, and 
the internal resistance lower, than when ZnSO| is used ; for the E.M.F. 

2l> 
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is iiici-eased by increasing the density of the CiiSO^ solution, and 
diminished by iijcrease in density of the ZnSO^ solution. The E.M.F, 
of a Diirdell cell ranges from 107 io 114 volt, depending on the 
densities of the sohitions and purity of the plates. The internal 
resistance ranges from J to 3 ohms, according to the construction and 
the stjite in which th*:- cell is in. The cell l»egins to fail when all the 
acid and ciipper sulphate solutions are reduced, the former lia^-ing the 
composition of 1 of acid to 1 2 of water to commence with. The 
E3LF* very slightly iticreaseis for a large increase of temperature. 

The Clark Standard Cell. — Invented by the late Mr Latimer 
Clark, this tell is a very important one, and is designed solely as a 
standard of KM.F. for electrical metisurcnient. Precise irifjtructionB 
h.ive been issued by the Roard of Trade for the construction of this 
cell, and these are detailed in Pntdunl Elcdriml Testing by the author 
_ + One method of setting up the cell is shown in 

^ '^ sectional elevation (Fig. 247), and consists of an 

outer containing glass vessel or test-tube A. In the 
liotti^m of this i*est8 a closely wound flat spiral 
(like the hair-spring of a watch) of thin ]>lat»num 
wire» terminating in the straight portion \\M» This 
spiral is coated with mercury by dipping it while 
red-hot into a little pure redistilled mei-cury, or 
preferably by dipping it cohl into h^liling mercury. 
The Tiiercury then adhering, constitutes the - " 
element, and the wire making contact with it, the 
+ '■*' pole of the cell. A globule of mercury M is 
often placed at the buttum of A, in contact with 
the spiial. A paste F, conipojied of pure mercurous sulphate and a 
saturated solution of pure zinc sulphate, is inserted on the top of M. 
A pure redi.stillcd zinc rod Z is inserted through a cork C aiul 
dipa into P, the u[tper eu<l being soldered to a citp|>t'r wire, by means 
of which connection is made to the - "^ terminal of the coU. Another 
cof^tper wii-e is soldered to the |>latinum wire at J, and this, together 
with WJ, is enclosed in a thin glass tube T, whiclj jwisses through (' 
and insulates this ' leading in ' wire from the contents of the cell. 
This wire Is connected to the othei- or ^ ^ terminal of the cell, A 
layer of marine glue G is jjoured while hot over C, and when cold 
securely fixes Z and T in position and seals the cell. 0\iing to the 
snutll quantity of mercury usecl, this form of the cell, suggested by 
Dr. Muirhciid, is portable, and can l>c inverted without fear of the 
merc\U'5' being displaced. The cell being a standarti of E.M.F,, it 
must not be allowed to send anv but an intinitcsimallv small current, 
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and fur this reason *»houltl he used with at hunt r){iOO i)hnis in 
acrie-^. 

Mr. AV. R. Cooper (EMru'um, 40. p. 748, 1898) has given some 
HgiLres showing the constaricy or tM?rnmriency of the E,M.F. M Chuk's 
cells, set np awonling to Bojinl of Tr:ide sjjtxification, with time. 
Cells initiiiUy acciu-tite to I |>art in 7000, at the end of 3| years 
showed a menu error of 1 in 700 too lo\^', othei's of 1 in 500 after 
2 J yeai-s. 

Mr. A. Camplx'Il (/'A/7. JAi/?. 45. pp. 1174-276, 181»8, nnd /i/rr/nWifn, 
pp. 601-603, Sept«ml»cr 189"i) has ilevisetl some ingenious tcmperfttuiie 
compeniKitoi's for use with stnndurd eells, the object 1>eing to always 
hnve the same P.D. between two points of the arrangement at any 
temperature ordinarily met with in practice. 

The eheraical action t>cciirring during the (jassjige of a current 
from the cell is a decomjxjsition of the mereurona sulphate, the 
mercury of which is added to M, au equivalent i[Uantity of the zinc Z 
being di.ssolved. The contents of the cell must be <|uite pure, the 
zinc rotl Z and mercury M being redistilled, while the mercurous and 
jsinc stilphates must alno be pure. 

The KM.F. of the cell is 1*4340 legal volt at irr C, and this 
'VaUue is not only constant when the cell is only allowed to send 
extremely small currents, but it is reproducible in all cells made with 
the same precautions. The E.M.F. decreases with increase of tempei-a- 
ture, its temiMjrature coettietenl being 007 jier cent f>er 1 C, Hence 
the E.M.F. at any tem|>er.iture t C, can be found from the relation 

K.M.K. = 1-4340 {1 - 00007(1? - li"))- voll«. 

The internal resistance is high, and for cells 2 cms. diameter with 
electrodes 3 to 4 cms, apart, at onlitiary temperatures, is iisuall^f from 
40 to 80 ohms. A change of temperature from 30 to 'i C. trebles 
this resistance. The resistance of Clark cells iliminishcs with increase 
irf tempei-ature, with the time during which they give current, and 
with the magtjitude of this current. In a cerUiin Clark cell, at a 
temperature of 13T C, an increase of current from 2"4.H to 141 
microamperes protluceil a tlimiiuition of internal resistance from 234'7 
to 1778 ohms. At 29*21' C. the same variation of current rcducwl 
the rcsistiince from 125'3 t(> 80-4 ohms, the duration of current l>eing 
four minutes. An increjise in the duration of this dimtnishe<} the 
resistance still further. For a constant current of about fourteen 
microam{jere8, temperatures of 13-1 C, 17*5 C, 21 C, and 29*2' C, 
gave internal resistances of 2l7r», 195*7, 1261, and 95*2 ohms 
^ respectively. 
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Weston Standard Cadmium Cell. — This cell, nrigiimlly suggest 
by Mt\ Weston, is taking so praniiiu-ut a jwsition as a standard of 
E,M.F, that a luief dcscripvtion will not be out of place here. It h;ia| 
the great mlvaiitagu over the Clark cell that its temperature coettideiU 
of vjiriatioii of K.M.F. over tho ranges of tempei-ature met with m| 
testing practice is practically iiegligilile. Thus its Tue-an teinperalnre 
coellicieut for a range of It? C. to 32' C. ^ - U000(>2jj volt per ri&o of] 

r a, its E.M.F. lit 18^ C. being 1 0195^ 
volt. The close agix^cmcrit lietwccn 
cells of ditl'ercnt makes, which is of 
such importance, is seen by the fact] 
thiit thi^ E.M.F.'s, at 10" C, of &] 
Iteichsaiistalt ami Weston Company »] 
cell were 1 01 925 and I '01 905 volt, and] 
at 30 C they were 101855 and! 
1*01915 volt respectively. The in- 
ternal resistances were 2000 and 150l 
ohms respectively, the former diminish- 
ing greatly, the latter slightly, with 
increase? of temperature. 

A section showing the coustructiorii 
(Fig. 248) of ihu H form, originally ] 
suggested by Lord Itayleigh^ and 
ret'omnuMnlod hy tho 190"» Report ol 
the .Standards Committee of the British 
Association, is now made in this country 
by the Candnidge Scientihc lustrumentj 
Company. Two short glass tuWs, con- 
nected by a cross tube, contain meixjui 
M at the bttttom, into which difi platinum wire?* enclosed in small glas 
tubes whicli lead the wires from the buttorn to the top of the cell 
Y is a p.uste. and C cadmium sulphate crysudn. 8 is a satural 
solution of cadmium suli>hate. The vertical limVKs are closed by oork< 
K, which are sealed by marine glue (I. The cells can otherwise b 
hermetically sealed^ and the jjlatinum wires fused through tho bottoi 
of the limbs. Fig. 241) .-^hows a general view of two cells mounted. 
Other forms of siundurd IvM.F. cells exist., but none are 
universally used iks the Clark cell A large number of prinmry cells, 
other than those already desciibed, have been devised from time 
time, Init, jis comparatively few of them are used in practical work, th< 
description of them will be deferred. 

Design and Maintenance of Primary Cells. — -It is important 
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rememljer ihat tJu^ E.M.F, of nntj cAl is rntirdtf iudqH'ndent of its >*f:r, 
sfuipe^ and rtlatm dispositwn of the parts. A cell with Ji greater E.M j"\ 
can he njade by choosing elements 
farther apart on the cotitucb potential 
series (ridr p. 392), and hy a choice 
of electrolyte such that one element 
ia unaffected, the other being 
actively acted on by the electrolyte. 
The jMircr the inaterials iisod, the 
smaller the consumption of such for 
juiy given output of electrical 
energy ; the less the waste iu the 
cell, while at rest, due to local 
action ; and the greater the E.M.F. 
Constancy of E.M.F. on discharge 
will depend on the eliminatton of 
p^ilarisation and local action^ and on 
the cleanliness of the cell The 
moat cllective means of eliminating 
polaris;ition is by immeraing the 
- ^ element in such a solution as 
will most readily exchange its 
metallic constituent (which is de- 
jKwited on the - ''*' element} for tin- 
gas which is produced at the + " 
element and tries to reach the - " 
element {tnde pp. 394 and 401). 
Local action is avoided by the use of pure niatcriuls. Clejinlineafi and 
good condition entail the renewal of ingredients when reduced or 
exhausted,, the proventivm of the fftrniation of cryHtals of salts and 
dirt on the different fKirt« uf the cell. The stronger the euiTent 
ilesired, the lower must bo the internal resistance, which is effected 
by having the plates larger and ehiser together, the intervening space 
offering a low resistance. 

Pre determination of the E.M.F. of Primary Cells. — Comparing 
what was said about electrolysis (p. 37 d s^v/.) with the foregoing 
pages im primary cells, the close connection between electricity and 
chemical attinity will at once bo seen. Thus electricity can bo 
obtiiincd by rhfmicul annhiudtion in a voltaic cell, due to the reducing 
down of pot«?ntia! energy of chemical atlinit^^ : and» conversely, rhenucal 
tepamlian is produce^l by electricity in a voltameter. Now energy in 
the form of heat is either absorbed or developed whenever a chemiciil 
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change tJikes place in one or more substances ; and, as we have just 
remarked, this heat energy is trafuiformed, and Jtot evolird, in a voltaic 
cell, ill to plectrfenl energy. Moreover, the fnmmtion of chemiad com* 
pounds liherates heat, while their separation is acrompiinied by an 
absorption of beat. ! 

Heiii-e, let a cell having an E.M.F. of E volts send u current of A 
amperes through an extcrn.iI circuit in which all the electrical energy 
is transfoiined into heat. 

Then, if J stands for Joules mechanical effuivalent of heat, the 
<]uantity of heat ateorhed per second in the external circuit equals y . 

Further, let Hj units of heat i>e absoihed per gramme of the sid»- 
Btance separated chemically in the celt, and Zj be the electro-chemical 
equivalent of this substance (p. 40), 

Then AHjZj is the total ;imount of heat absorbed chemically {jer 
second in the separation. 

Likewise, if H., units of heat hv evolved per jt^amme of some ^ther 
substance formed chemically in the cell, and Z^ be its electrochemical 
equivalent, then AH^Z^ is the total amount of heat evolved chemically 
per second in the formation, and we must therefore have 

FA 



or 



E=J(H,Z.,- n,Zi\ 



.IZ,.(H,;^-H.^)volt., 



where u\ and w^ are the atomic weights, v^ r^ the \ alencies of 
the substances (rule p. 41), Z„ the electro- chemical equivalent 
of hydrogen = O((00O 1038 gramme per couloniK imd J = 4184 
joules. 

The terms inside the brackets of the last relation, each of the 

general form H \ are the heats of formation and sepamtion of the 

substances, Le. the energy evolved or absorbed in the electro-chemical 
reaction consequent on the production of current sufficient to liberate 
1 gramme of hydrogen in a voltameter. The exi)ression in brackets, 
therefore, is the total amount of heat in calories nsefnlly enqjloyed in 
prodvicing electrical energy. 

In the case of a Datiiell cell (p. 401), zinc sulphate <ZnSO,), having 
a heat per gramme equivalent equal to 53,450 calories, is formed^ and 
copper sulphate (CuSO^, 28,200 calories) decomposed in the working 
of the cell. Hence its E.M.F. is 



CHE PRODl'CTION OF ELECTRO MOTIVE FORCE 407 
= 1184 x0'0O00I03«{534i>0 - 28200) 
= 0"0000434:ix 25250 
= rOytJ volt ap|iiroxiumt«ly. 

A small coiTectioa for temperature (alxint 0*00003 volt per 1" C.) 
abouUl be applied to this figure, as the Daniell cell has a ^ "^ tempera- 
ture coetlicient, i>. its E.M.F, rises on heating. But, even after inserting 
this, the vahie above must oul^^ be regarded as roughly approximate, 
for the tberrao-chemical data available are not susceptible of a high 
degree of accuracy. This is realised by comparing the heats of 
fonnation and separation of the same substance as determined by three 
dit!er«^nt authorities, and which in some cases diHer by as much as 
12 j>er cent. A large collection of heat determinations, as miule by 
Thomson^ lierthelot^ and others, will be found in Thrmoch^mir, 
vol. ii., by M. Berthelot. 

There are two or three ways of giving hoata of formation, 
namely^ in calories h'berated by one formula weight (in grammes) 
of the compounds. For example, 68,360 calories are prfRluced when 2 
grammes of II unite with 16 of U to form 18 of water^ or 1I,_, + O = H^O. 
Since, however, calories of grammes equivalent equal 

calories of fornniitt weight 
viileTJuy ' 

.34,180 calories will be produced by I gramme of H uniting with 8 of 
() to form l» of water. 

The figures given for the DuriielJ cell are m gramme eijui\alent8. 
lf» however, they were iit terms of a formula weight, then 

00000434:* X bent of fonimtioti in c«loric« 
' " valency ' 

As, however, in most primary cells, and in all lejtd cells, we liave 
to deal with divalent elements in which the equivalents are only half 
the atomic weights, 

0'00<M>4S43 X hetot _ lieat 
^"~ 2 ^-iOO-IO* 

Hence, for 1 volt to be set up in any electro chemical action it is 
necessary for a net heat of formation of 46,040 cidories to be evolved 
by I gramme equivalent of the compound formed. 

If H Ik? the actual heat in any case, and t C. the room temperature, 

H dE 

, equals the i-atc of change of E.M.F. with t, i.e. the temijera- 
'ture coefficient of the cell, which is often negligibly small. 
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Tfms in a l>aniell cell 



106P00 ^ 56400 



- 0-00003 



50600 



- 109( 



68860 



46010 4f)040 

volt. 

Aj^ain, the beat of formation of water per gratnine molecule 
equals G8,360 calories. 

,*. E.M.F. necessary to just produce decomposition equals .-q^^ 
1-48 volt. 

Methods of Grouptngr Cells, and the Effect. — When two or more 
tells are electrically tuniiBcted, so us to liolp one another in sending 
current through an external circuit, the combiiiatitin is termed a Utttenf. 
The cells of a battery may he connected iij> in one of the three follow- 
ing ways, each »ff which has advantages in a particular case : (A) all 
in series ; (B) all in parallel ; (C) partly in series and partly in p:iralle], 
when tlie tmniher of cells is prfiL In order to compare these methods 
rif grouping, let us, for the sake of definiteness, consider a battery of 
four cells in each case successively. 

Cdh all in Scries. — This is represented sym)H>lically in Vv^. 'l'y\), 
where the lou^ thin line represents the + ^"^ pole and the short thick 
■^ • h'lie I ho - '^' pole. The current flows from 

I I I I I 1^ the thin to the thick extreme lines of the 
series, through the external circuit ; and the 
connections from cell to cell are not shown 



PiQ. 2!i0.— BaibeiyorCffUiiaii in scrics, thc same current flows ihrongli 
*^' ciich, and hence the mmr. amount of chemical 

decomjiosition takes place in each cell Hence the total RM,F, (E) 
of the iiattery will l>e the sum of the RM.K.'s {t-) of the sevend cells ; 
or, if they are all of the same type, but not neccssiiril}' of the same size, 
and there are S cells in series, we have 

The total internal resistance (B) of the Inittery will vary directly 
with the number of cells in series, so that if h is the resistAnce of 
each cell, we have 

Hence, by Ohm's Law, the current (A) which this battery would 
send through an external resistance (K) is 



A = ; 



\^ 



S6 + R- ! 

Cells all in. Famllel — This is depicted in Fig. 25 1» and here each 
cell supplies otdy a fraction of the total current. Therefore, since thr 
avwunl (if chemiml miion in u cell is proportiimal to the tpumtihj */ decincit^ 
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ivhich passes through ify i.e. to the cunent^ the total amount of chemical 
action is the same as if the whole current from the battery passed 
through one cell. Hence 

The internal resistance, how- 
ever, is reduced in proportion to 
the number of cells in parallel, 

for connecting them in parallel ^'"^"-^ <- 

has the same effect as increasing ^'o- '•i^i.-»^it.ryorceii.sHUi„ Paraii.i. 

the size of plates and area of solution through which the current has to 
pass. Therefore 

B-p, 
where P is the number of cells in parallel, and hence 

Cells in Series-Parallel Combination. — Tliis is shown in Fig. 252, and 
is a combination of the above two arrangements, so that we now have 

and B= p. 

A ^^ . 

Therefore "»* „ * 

p +K 

Now if N equals the total number of cells in the battery, 

or P-j,, 

-p + R -J,. 4K 
and it can be shown that the value of S which makes the external 

cat 

current A a maxinnim is the value of S which also makes ^jt^ = R. 

Consequently wc see that in order to get the greatest current (A) 
through a given external resistance (R), the cells must be so connected 
as to make the total internal battery resistance (B) equal to the total 
external circuit resistance. 

The number of cells to l)e placed in a series to effect this is 



V 



XR 

b ' 
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when the iiuini>er of parallels will be 

N 



P= 



_N_ /Sh 

V h 



• 1-^ 



l'*)rt. 2.V2.— Hat(«rv ort'«'Il« In 
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These cHinsiderations show us that it is actujtily necessary to have 
a large interiml resistance when the resist- 
ance of the external circuit is large in onler 
to obtain the best result. 

Wc may next consider with advantage 
the distinction 1>etween the E.M.F. (E) of a 
cnrrent gf^nerator and the P.D, (V) at it» 
terminals. By applying Ohm's Imw to any 
circuit whatsoever, we see that, for a steady 
current, each unit length of the circuit, 
whether inside the generator or outside it 
in the extci-nal circuitj must have a perfectly definite V.V. across it. 
The sum of these P.D.'s acn^ss the total number of unit lengths 
composing the whole circuit, i.*', from any point, completely round the 
whole circuit, l»ack to this siime point again, is the total E.M.F. of 
the cireiiitj and hence of the generutoj-, which alone produces it. 

Now let t he the fall of potentiid inside the generator lH?tweon 
its two temiinals, and let V be that round the external circuit outside 
the generator. Then obviously 

K = V+r. 
Hut by Ohms Law v=AbiLnd V = AR, 

K = AR + AA = A(R + 6), 
and E-V^-Afc. 

Henco V = E-A// = „'^.E. 

E is the E.M.F. of the generator and V its potential difference, M'hile 
by ti'unspo-sition of the last relation its internal resistance 

. K\. 
b~ . "turns. 

From these relations we see that the E.M.F, (E) of an}- generator 
C4in be nii^asurcd by a hi^h-resistancr voltmeter or galvanometer ; for 
then the current (A) through the latter is very small, and V is practically 
as large as K, .since the prarluct Ah is very small. 

Secondary Cells. — The chiss uf appliance coming under this 
heading is one which, although fjuite inert in itself, is rendered active 
by the passage of electric current through it. The electrical energy 
expended reappears in the form of potential energy of chemical ckmge, 
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and a redevelopnieiit of electrical energy results from the setting loose 
of this potential energy by a sub&e<|uent cliemical reaction or ifecondaiy 
chemical change. A secondary cell, accymulator, or storage cell, as it 
is variousl}' termetl, is therefore an electro-chenneal transformer of 
energy. The chief difterenee between it and a primary cell is that in 
the latter the elenu^its are active in themselves and re<|uire no cmrent 
Ut cause them to develop electrical energy \iy chemical decomposition. 
Further, when the original constituents of a primary cell are decom- 
posed, a fresh supply nuist lie obtained, whereas those of a secondary 
cell are re/tunmd by tlie |j;issage of a current in the opposite direction 
to that which the cell deveJops. 

The [)henonienon of the redcvelojmient of electrical energy resulting 
from chemical changes pr«-Kluccd by a current can be traced back to 
having l>een noticed by Crautherot in 1801. Nothing, however, of 
much iinpt>rtance resulted from this until 18tJ0, when M, (Ijiston 
IMante made the discovery that the arrangement which gave the best 
results consisted initially of two oitlinary lead plates dipping into a 
dilute solution of sulphuric acid and water. On sending ciU'reni for a 
short time tlu'ough such a cell, the plate at which the current entered 
turned brown, due to the combination of the oxygen gas produced at 
its surface with the lead of the plate to form lead perttxide (P1»0.,). 
Hydrogen gas was liberated at the other plate, but no chemical action 
resulted there. The proportion of electrical energy developed {if. the 
discharge) to that put in {i.*: the charge) was greater with this cell 
than any preWous one. The long and costly process of making a ceil 
with a reasonable output capacity by Platite's method, however, caused 
M, Camille A. Fuure in IHSO t^i suggest pasting the leaii plutes with 
cerUiin esisily reducible oxides of lead, thus enabling a cell with a 
large capacity to be made in far less time and more cheaply. Faure's 
suggestion secTus to have been a real incentive to research, for since 
then competition has been keen to dis<'over the best secondary cell. 
Secondary cells at the present time may be classiHed avS follows . — 
1. Those in which the active material is Tonned from the substance 

nf the plate itsclfj either by *Iirect cliemicai or electrochemical 

means, anil which are known as /'/aw/**' or unjHi^U'd celh. 
Those in which the active material is formed frtmi some easily 

reducible lead sidt applied to the plate, and which are known 

as Faure or pasted cells. 
3, Those which arc neither wholly Ptantc nor Faure cells, but 

which employ I'lante elements for one (lole and Faure 

elements for the other. 
Up to the present, many hundreds of patents have been taken out 
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for secondary cells in one of another of the above claasea, but in tiie 
following pages we can only consider some prominent inst&noes of the 

few which h.ivo att.^inetl c^mutierriul success. 
Desiderata in a Secondary Cell : — 

1 . The cont^-iining vessel should be of the right shape and size for 

the- V(>lurae of pktc immerspd. 

2. The solution should have the right density and be of the 

requisite purity. 
'^, The plat<?s should he mechanically strong. 

4, They shnuld hiive no tendency to warp or buckle. 

o, If of the pasted type, the pjiste should be so held in as to be 

utiLd>h' to drop out in pellets or cakes. 
G. The t'C'll should he c^ipiblc of the highest rates of charge and 

discharge without injurious results. 
7. For poitablc and traction work, the cell sliould be both sn^all 

and light for a given capacity, and the elHciency should be 

high. 

5. The cost of ninunfacture, and, abov^e all, that of maintenance, 

should lie s!ii;d], while the life should be well over live years. 



y. 



The E.II.F. should be large and the internal resistance small. 



while both shouM vary little within the usual limits of dis- 
charge and atmosphovic tojii[)crature.«9 mot with. 
10. As much of the active material on the plates as pc>8sibk» should 
bo exposed to the action of the solution, and for this reiison 
the plates shouhl be as porous as possible, while the solution 
should preferably 1)6 able to circulate around them. 
Il is needle^ss to say that no cell existent satisfies all these condilioDs, 
l>ut research is still life with a view to de\'i.sing a cell which floes. The 
ortlinary secondary cell which is now so commonly met with is on© 
employing luad with lead salts and sulphuric acid, and when occasion 
arises we. shall speak of it as the leml sulphurk acid cell. There are, 
howeverj other kimls of secondary cell not employing these materials, 
and one at least of these we shall have occ^^ision to de^il with. 

Before going into the construction of modern secondary cells, it 
may be well to consider th« action common to such. In the simple 
load cell mentioned on i^ige 4 11, all the hydrogen gas and most 
of the oxygen liberated at the plates rise t4> the surface and 
escape almost directly the current is started. Tliis is owing to 
the small surface of lead exposed to the solution, consequent on the 
want of porositv of ortlinary sheet-lead. The hydrogen evolved at 
the cathode, or plato at \vhich the curn^nt leaves the ccll^ acta in no 
way rm it ; and oidy a little of the oxygen evolved at the anode, or 
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pliito lit which the current enters the cell, combines cheiiiically with 
the surfikce lead of the anode to form lead peroxide or lead dioxide 
(PbO^). The water in the solution, which i^ thus j^'iidu-dly decomposed 
into oxygen and hydrogen, slowly disttppears, and the sokition hecoraes 
more strongly acid. 

In motlern cells of the Plaiite ty]ie, means, which will presently he 
considered, arc adopted to make hoth the anode and cathode plates 
porous for quite an appreciable depth from the surface before 
immersion in the dilute sulphuric acid solution. The cfTect on 
sending a current through a cell with such porous plates, i.e. 
charging it, is that practically tio oxygen gas is evolved at the 
nuode for some time after cominencinij: the charge, it being all used 
Up in the formatiou of PhO., with the porous surface of the lead. 
Tho cathode remains in the condition of spongy porous lead, and 
when both plates evolve gjis quite freely the cell ia siiid to be charged, 
for then no more oxygen is being absorbed to form PbO,,. In the 
case of pasted cells the anode or -r '* plate is usually pasted with a 
BtifT paste of red lead, »./■. minitnn (I'b.jO^), and dilute sulphuric acid, 
the result of the mixing being a formation of lead snlphat<_' (P1»S0^), 
The cathode or - •'*' plate is |>asted with a mixture of litharge, i,e, leiid 
monoxide {Pi>0), and dilute sulphurie acid, which also forms lead 
sulphate (PbSOj. Tho composition of the pastes is varied slightly 
by the addition of other substances, but in the majority of cases is 
that mentioned above. After the plates are pasted they are allowed 
to dry or harden, and are then formt'd in a bath of dilute sulphuric 
acid by the ptissage of electric curi'ent. 

The chenjical action taking place during this fonnirig process may 
bo rcprcsonted thus : — 

<4 riaie) (Soiutioij) ( - n»ic) ( » ruitft) (Soiutiim) < - put«). 



8ult>hiiti*. Acid. 



WuU'i. 



\jeini 1>W(I Sulpliiii-Ic 

iiril|»Iiatr. PcrunlUp. Acid. 



rf 



Thus it will be seen that the - ^ plate exchanges its S()^ fur t\v ' 
atoms of uxygen, while the - ''' plate losos its 80^ altogether. The twn 
molecules of SO^ decompose the two of water, combining with the 
hydrogen to form two of sulfduunc acid, wliile the two atoms of 
oxygen thus freed combine with the lead of the + ''•" plate to form 
|*bO.,. ik\ discharge, exactly the reverse action takes place, or 

PbO, + aHjSO^ + Pb = PbSO, -t^ UgSO^ + 2H,0 + PbSO^, 

from which it will be seen that both + "* and - •* plates itfiljiftaie^ and 
that water is simultaneously formed. Tliia action also takes place very 
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slowly while the cell is allowed to remain idle* Thus, on charging, 
the solution becomes more strongly acidt i.f, its density increases, 
while on difichargin^ it Iwconies weaker, i.e. its density diminishes. 
The above relationii represent the reactions which oecui* in oil fortius 
of lead Bulpliuric acid cclls^ whether })a8ted or non-jwstetl, during 
charge and discharge. The ultimate formation of the plates is thus 
always the same, no matter what the type or make of cell may be, 
but the action goes on to a very small depth from the surface. The 
amount of active material PbO.^ on the + "" and Ph (sjM^ngy lead) on 
the - "^ is always small compared with the volume of plat(.\ The 
plates are always easily distinguished : for the + '" one, containing 
the PbO.>^ has a dark l>rown chocolate colour ; the - '*' plate, of 
spong)' Iciid, a slate-grey colour. 

The gradual loss of charge in a secondary cell during rest is, 
according to IVIessrs. (iladstone and Tribe, dne to the frittering away 
of stored energy by local action between the le^itl of the plate and the 
PbOfl adhering to it, which is in a tiiiely divided state. The peroxide 
and its lead backing slowly decomposes the acid, producing Pb-SOj, 
the action being similar to the local action (p. ^MM) met witli in 
primary cells. This sulphating or local action of the -♦- •• plate will 
go on more ra|>idly when the elementB employed have a large metallic 
surface with but a thin coating or formation of peroxide. 

The advantage of the pasted over the non-pasted type lies in the 
saving of energy and time requireil in formimj the plates, and rnn- 
sequently of expense in manufacture, while at the same time increasing 
the capacity by increase of porosity, and hence of active material 
bjithed l>y a<'^lntion. Various expedients have been resorted to in order 
to effect the above results with non jMsted or Plants cells. The lead 
platos are corrugated or ribbed by being passed under suitable rollers, 
or they are east in moulds closely ril»beil, or they are built up of thin 
laminte which may be perforated. Plates thus foraied mechanically 
so as to present an increased surface are next subjected to a pickling 
process consisting in immersing them for &ome hours in a bath con- 
taining a mixture of stdidinrie and nitric acids, which eats into the 
plate and produces jwrosity. Ajiother method which has been tried 
is to alloy the lea<i with some 4 per cent or more of zinc or other 
anitable mcttd, which could be eliniinatod afterwards by eleelrolv^i^. 
leaving the lead in a porous condition. 

Epstein fiuggesterl Ijoiling the plates in a 1 per cent solution ut 
nitric acid and water, and removing them when a sufficient deposit of 
lead salt was formed. In the subsequent electrolysing process the 
lead stilts were eliminated, atid the porosity thus acquired allowed 
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J'.witlvf Plal««.if IIJ'. Cell 
(Slrip Tvi*-), 



of a considerable formation of lead peroxide and sjiorigy lead. In 

auoUier methwi tho elements are rendered active by a combined 

depositing and oxidising action effected by electrolysis in an alkaline 

batb of nitrat-es composed of 10 pvrts 

by weight of water, 2 of sulphuric acid, 

and 1 of iilkuline nitrate (of ammonia, 

soda, or potttsh, eti\). Thi! cunent pro- 

duces lead nitrate, which is chetnicjdly 

converted into Fb80^, and finally iiitu 

PbO^. Further, it is foiuid that the 

process is greatly hiistened by the intro 

duction of large volumes of air into the 

bath. Of secf»ndary cells formtul 

throughout on Plant*'* principles there 

are now no piominent c<)nnnerciiil 

examples. There is, however, more tliiiri 

one instance of the latter in which a 

FJant^ + ** plate is uat'd with a pasted 
- ** plate. 

The D.P. Secondary Cell,— Tlie so called D.P. cell made by the 

D.P. Biitter)^ Company, of Lonilon, is a familiar example of the kiml. 

The + •* plate in the e^irlier form of cell still made consists of 

thin strips (about g in. to S in. wide) of sheet-lead, laid one upon the 

other, like llje leaves of a liook, atjrl id I their opposite ends burnt on 

to two vertical solid lead bar?^. These, therefore, hold the strips in 

position, and one of them forms the 
connecting lug of the plate, as shown 
in Fig. 2r>3. Tho ^ " plate now 
used in the l).l'. cell, kiujwn as the 
Lumfonl type, in accurdanoe with the 
luteut Continental |)ractice, is highly 
grooved or iil>bed, l>eing cast as a 
whoki in suitably carved moulds, and 
liavijig the appearjince shown cc»m- 
])lete in Fig. 258 and also in section 
ill Fig, 2^7, The + "* plate is formed 
by ;i comluned oxidising and deposit^ 
ing prrjceBS similar to that hist men- 
tioned!. The - '" plate consists of a 
cast load grid of special fonn (Fig, 

2.i4) for keying in tho paste on both sides, and is shown complete 

in Fig. 255. 
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The vertical projecting lug ofi each plate Ls for burning on to U 
crosfj-bara, and the construction of a coraplete cell will be midersU) 

from a reforeoce to Fig. 256, sho^ii 
two of this type erected on a slielf 
8tami. 

The ghisa containing-box of the Qi 
rest5 on four insulators, ami earri< 
inside, at the l>ottoni, a wooden framo 
well soaked in paraffin wax. 

On this fi-ame rest the + '* and 
" filfttes a?8embled alternately, the 
alternate seriej?, all of one kind, being 
burnt on to its respective cro«8-l*ar as 
shown. The p la tea are kept at about 
J in. to A ill- apart by .se|iarator8 of 
glass or ebonite, and are braced 
gether by wooden or el>onite tie^b 
held by the doiilde-ended metal I frames. 

In this and all other tyjws nf secoiulary cell there is one nic 

- " than + '"* plate, so that a - •' plate terminates the series at eitl 

end, and each ^ '"* plute is acted n[Mjii on both tides, which is tl 



s:::BBr' 



I.— Nfgalivi'- 1. 1 10 <'oiiiplet*. 



Kia. S6«.-Tw» l).P. Cellfc comjiliit*! (Slri|. TyiwX 



object Bought for. The cells shown in Fig. 256 are each 1 1-]>late cell* 
(5 + ""' and C - "*), so that the + '" section is equivalent to one krgt 
plate live times the size of any one plate in the cell. 
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It will also bo seen that current tli^wa through ten liquid paths 
in (ninillt'l, wifh al»out J in. long. From previouK remark.«i wo see 
that the capacity of the cell find its inti'iti.il refiisuincf.^ vary 
directly as the iiumbei of plates. 

The specltic gnivity of the acid used in llijs cell is II 90 
(wrater rOOO), and tht* rompany recommend that the lem- 
[H?rature of the l>atiery-u*ont fthoutd be kept betMeen tin- 
extreme limits 45' F. and T^i F. iridf p. 434). 

A section of the - '" grid, a complete - "' plate, and a 

complete cell of the Lumford type (D.P.} are shown in 

Figs- ii59, 260, 261. It will he noliceil that in Fig. 261 the 

iilates h.u)^ fnini tin* rim of the jilass box, ''""'- '^'* — 

' ^ I* >* U I V »* 

Monobloc Secondary Cell. — This cell, supplied by pim** (w 
^Messrs. Drake and (Jorbani of London^ has also a Plantn **'".|J','.y"'J! 
-f ^ plati' combined with a Fanre - '"'' plat^\ The -^ " plate 

{Fig. 2G2) is in one block, and con- 
sists of thin corrugated sheets of lead 
punched with holes and assembled one 
above the other, and cross-tied at all 
[loints t<j give maximimi mechanical 
strength. The chauTiels formetl by the 
punched holes form a ca.>ing or re- 
ceptacle for thi* negative iixls. The 
* " bktck is foi^med in mucli the 
same way us the i " D.P. plates arc, 
the active material {PbO^) formed in 
the crevices being securely keyed in 
po.sition. 

The - " element is in 
the form of spongy lead rods ([irti<luc»'d from litharge) en- 
closed in gauze, the activi* material being pitsterl on central 
lead frames, the upper ends of which are Inirnt on to connecting 
iMirs of lead, jis shrnvn in Fig. 203. The gauze envelojes 
are withdrawn from alirinate rmls in Fig. 2(J3 in onler to 
show the ftctive material (spongy lead) more plainly. A 
complete cell section, with - '^ rods in fHwition, \& shown 
in Fig. 264 ; and for traction work, which the cell is 
Bjjecially intended for, this complete section woidd be Nrgativ* 
inimcrse<l in either an ebonite or lead-lined teak box con- P*^'^ *'*'**'l 

turn of 

lAining Hie juid, the plates l>eing insulated from the lead f.nmfor.i 
lining, ''''-' 

Some recent tests have shown a 160-ampere-hour cell to have an 

2£ 
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ampere-hour efficiency of 96*4 per cent and a vvatt-bour etliciencj' of 72* 

per cent, witli a capacity of 5*22 ainj^i 
hours or 9 watt-hours per lb. of plate, 

Tudor Secondary CelL — This eel 

has been devised and perfected by MrJ 

Tmltir, and is made by the Tutloi 

Accumulator C'omjiany, of London. The 

-I- '^ pbite is the most distinctive feature 

hikI, due to the i)€culiar way in whicli il 

is castt has a large surface. It is cast 

complete, as shown in Fig. 266, fmt 

nearly pure lead, containing le^s that 

01 per cent of impurities, in moul 

which are in two halves, corresponding 

The pitch of the teeth, or distanci 

g ridges EF of the + " plato, is aloul 






to each side of the plate. 

between any two succeedin 

2h mm,, the depth of groove EA between ridges G mm,, imd t 

total thickness of plate | in., a section being ^hown in Fig. '2G5 

The + "" plates are formed in dilute &ulphni ic acid contained in I 



'^m 



f<--^~ 



Fio. 201,— D. P. Liurifoni Celi cotiijil«t*. 



lined teak boxes, the deposit of lead peroxide (PbOg) being obtained fit 
by ahemately charging the cells and leaving them on open circuit 
afterwards, by alternately charging and discharging them at frequi 
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uitervals, the discharge becoming heavier us the foniiatiori advinices. 




Fl('. ««8.— Ne«:iitiv« Block of | 

Monobloc C«U. 



Flu. 3iH.— Complete Section of )IuuoIj1<x' CHI. 

ly, the viA\< are charged and discharged under (irdinary con- 
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dition« until they tiWdn thrir nurrtiul capacity, when tiie plates which 
have been used as -t- "^ in the process art? removed arul *lrieil. The 






a/ 



Flo. a«&.— S^rttim of Tmlor Pljt«. 



process lusts toritinuoiulr 
for about six weelcs^ and 
is ettected without the 
uiil (if unj' cornjsive acid. 
Th»* developed siirf/iti' nf 
the + '*' plate is large, and 
is al>oiit ten times that of 
fi smooth phite of the 
siiine size. 

The - *" pIuteH consist 
of an optn grid 0*4 in. 
thick, cast usually in |>ure 
lead, but for certain sntiill 
jiccfAsories ajui very largo 
negitjvesan alloy of ptirt? 
lead with a .^ujjdl percent- 
age of antimony is used for 
extra rigi»lity. The bare 
- '" grills are first pirklftl, 
QA it is tei med, by coating 
them electrolyticjdly w ith 

II film of PbO^ ill a bath ol dilute H.,SO, with a he^vy current for 

a few seconds, Tliey aiv 

then pasted in the uidinary 

way with a mixttiie uf lith 

arge ami stilpliurie acid. After 

being alloweil to diy hard, 

most of these plates are sent 

out without inv\\\QV fmmiiKj. 
The method of luoiifjting 

the sections inside the con- 

Uuriin**- boxes, togethei' with 

th« erection of the cells of a 

battery, is similar to J hat 

shown in Fig. 261. When 

glass boxes are ttsed. the liig> 

of the plates rest on the lini 

of the Im).v, and the plates 

are separated from one an- 
other by two ur three rows of glass rods l in. iliameter, as seen, vnxA 



■ 




^>L -eoiit|.let«i Tiiicr Positivi' VUi'. 
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lieki upright by guides Ljust on the - '^ plates. Heavy <ell« avti 

mounted in leacMined leak l>uxcs, the plates Wing sui>portctl free of 

the lead lining by npriglit 

^Inss plates nesting on the 

l»ott43m of the box. The? 

$|>ecirtc gravity of ihi* add 

when first put into the 

cells shouhl be ril>0, and 

this shonld rise tu al>oiit 

I'L'OO when they an- fulU 

charged, 

The niaxinnnn li.M.F. 
at the end of the char«^e 
de|>end8 on the rate uf chapjt, 
if, whether a large current 
h;is been employed for a 
short time, or rict msa ; for 
the rates s|»eeified with the 
cells it if! aliont 2 '02 tt) 2*G7 
volt^ I>er cell The makers 
of this and moBt other cells 
allow various rates of discharge, >'f. for the 10, 'k .'^, and 1 hour mtca 
the lowest limit of voltage to which the cell must dischar'ge is 1*84, 
I '82, 1*S0, and 1'75 volt res))efti\ely. The current in the l-hnur 
ratt^ }>eing several times that in the 10-hour rate, hence I he shurt^ir 
time taken to discharge the cell to the minimum limit of voltage. 

Chloride Secondary Cell. — The manufacture of this well-known 
cell present'? .some fli8tincti\c features as coinj-Kired with othei- types, 
the origin of the name being ihie to the use of chlorido of leud in the 
nianufaetnre of the - '''' plate^ which was the chief feature nf the cell. 

Tl»e ^ "^ plate miiy be .*aid to lie cjf a Hpeciali«ed Plante type, it» 
marnifaoture l»etng <liHerenl from that employed for the + ** plate in 
other celU. It iH constrncted in the fnllowing May : Arj alloy consist- 
ing of lead and antimotiy, to ensure rigidity, is rini into a moidd iinder 
an air-prcgsure of 150 lbs. per stpiare inch, which ensures a homugeneoiia 
casting fiir the framewoik of the '^ [date. 

The monlds are so cunslrncted that this frame is ca»t with some 
124 rouinl holes in it, chmely spaced, ench hole tupering slightly from 
i»pIMHite sides towardf^ the centre and ho forming a double eonnter- 
«tinkiMg. F«ich h<de is hllcd hy a rosuUe of pure lead niatle l»y rolling 
up lead strip or t^pe which has been gimped or corrugated. The plate 
IB then placed in a hydraidfc press and subjected to a pressure of 
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about 200 tons, which ex|>art<l.s the outside faces of the rosettes intoj 
the cotniter-sitikiiig» thereby riveting it into the plate, so to «peak. 
These plates are then ftyrmnl by coupling them up alternately with.! 
tlunimy - *■" in a liath of dilute H.,SO^ and jwissing a current throughj 
until all the iiitei*stices of the rosette are filled with a fine adherent 
hard crystolline coating of lead peroxide (I*hO.,). Fig. 208 shows 
+ ^ plate complete, the rosettes being clearly seen protruding slight] 
from the surface of the frame. The manufacture of the - '"' plate m 
TDoi-e complex, and entails the fie]mrate (inMluctimi tif load chloride iul 




Fm. 264i, — Cliloi kle Htoitigc Battery OiniHitiy « « Typ*! of l^osltivc PUle. 

*>|tp fii^t instjuice. The Company have, however, now ceiised to mal 

ibis form of - '^ plate for general work, and supply their so-called exide 

or jiastcd - *'*' with the above -*• " plates. A description of the original 

- ''^ is ins tractive, and is as follows. 

Known fpiantities of litharge (PbO) and acetic acid (C^H^O^) 
well mixed in largo dissohing- tanks by mechantad stirrers, 
solution of acetate of lead so formed is run into large cisterns an< 
allowed to settle. A sample of the solution is next analysed to fii 
what quantity of hydmchloric acid (HCl) must be added to precipitat 
all the lead acetate. This addition and the agitatioti residts in the 
reaction 

Pb(CaH:,0.j>a + 2HC1 - f bCI, -^ 2C.jH A- 
L<"ri4 Hyiin>i"Vil<»ili' l.cml 



Acetati'. 



Acid. ClilorUJp. Aci«l. 
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The solution is next driven through a filter-press by a steam-pump, 
the acetic acid emerging from the press in the fonn of a clear amber 
flnitl, which is iisetl over and o\^er again. The lead chloride, left 
behind in the shape of largo white cakes of paste, is drit"d in ovens 
and afterwards mixed with a small percentage of finely divided metallic 
zinc. This mixture is hesvted to about 600 C. in bviclc-liTif:;rl nieUirig- 
pots, and becomes us Ihiid as water. It is then poured by nutans of 
phiml>ago ladles into tiioulds, which form it into hexagonal fwllets with 
A -in. sides and two small holes in e^ich. These are next assembled on 
the i)late-moulds, provitled with pins at regular intervaisj und over 
which slip the pellets. They are thei-efore held in position at regular 
intervals white molten lead h run into the mould under a pressure of 
150 lbs. per square inch. 

The plates thus cist, and containing the pellets of PbCl^ are next 
phiced alternately with zinc plates in a Iwitli eontaining a solution of 
zinc chloride (ZnCl.) iind short circuited, wlien ilie following reactiun 
lakes place : — 

VhrL i Zn + ZnCla= 'iZnCl-j + Pb, 

the pellets therefore becoming spongy lead. After washing the plates 
in water, they are connected up with permanent + ^*' plates in an 
electrolytic bath of weak H^SO^ and churged, the hj^drogen gas 
evolved combining with the last traces of chlorine in the pellets and 
leaving them in the condition of pure spongy letid. A complete 
chloride cell can be seen very elearly in Fig. 12130. 

The Chloride Storage Company now use a separator between the 
plates, consisting of a thin continuous sheet of wood veneer ,V iu- 
thick supportetl l>y two wooden dowels slotted to reeeive it, and which 
theins(dvea rent on the bottom of tht* glass Ik)X. The Company now 
fombine their so-called * rxidc* or jwisted - '^^ plate with the + ^ plate 
above described. The speuific gravity uf the dilute sulphuric acid 
when fir.'^t put inti> the cells should be 1*215. 

E.P.S. Cells. — These are representa-tive of the Faure or imstc<l type 
of cell throughout, and are m CHlled fron» being matle by the Electrical 
Power Storage Cotnpany, of London. Fornicd shortly after Faiu-e's 
discovery, this Company is one of the ohlest of its kind, and it has 
carried cart much vahuihle research in the production of grids for 
holding the paste. It may truly bo said that the grid in a pasted 
cell is its most vital point, and iniless it is constnicted so as 
to hohl the paste securely ihe cell caiuiot be a commercial success. 
There are many designs of E.P.S. gridsj but space will not |iermit 
of their descri[)tion ; suffice it to say that those now in use eHcct the 
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desired object to a large extent. The oxides of lead used are subetanti- 
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Pio. aei>-Coiiipkte Chloride Cell, uliOHrinn Exnl<- IV^t^l Negative P1«U. 

:illy rod lead niid litharge for the + '^ and - " plates re9|>ectively, 





J'niB. 270fltnl '.'71.- Clilonclf LkmrtI .Sopaiatni. 

mixed into imstes with dilute suljihurie wUl. In some of the many 
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types of E.RS. cells, i'.(f. the O.L. and O.K. cells, a Plaiitv ^ "' plate is 
employed in cerUiiii ctises, depending on ilii* work which the cell h:is 
to d.i. 

Headland Secondary Cell. — PerhapB one of tbu most intnrei?tin>r 
of uKMlern jested ^^fU] cells is that which has beert per 
fecte<l liy the Htwlland Stontgr Rilteiy Conipviiy. Thr 
cliit*r feature lies in the form or arrangement of jj^rid, 
for the pastes employed in the + " and - " plates are 

same Jis other makers use. 

The ^I'id consists of liurs (Fig, I'Tii) of square section 
in ihe form of u four-sided ladder irith four thinm r 
pillar-bare braeiit^' the st^ps of the ladders togethei 
inside. As the inner jiillars do not touch oneanoilieij 
the bar is hollow from en«l to end tlirough its eentrr. 
It is cast in any lengLli, arul a plate built up by burn 
ing an}^ desireil nnndier of bars to solid lead crosa-bars 
(Fig. 273), a space IteiuL,' left between succeeding bars, la^ 
shown. 

In ^>asting the plates, these spaces between baiN lue 
cleitred out, so that each bar is separated by this gii[) 
from the next. Plates of like wign are connected to- 
gether, as in other makes of cells, by being burnt to leud 
eroftsdmrs, the + ** and - " plat«s being arranged altei- 
nately side by side. Each is sepajated from the next 
plate by either glass rods, ebonite folks, or sheets of [»er- 
forated and cftrrugatecl ebonite, etc. Fig. 274, shows a 
7 - (»lato traction cell with the last - named types of 
sepiirators and ebotiite eont4iining-box on the left. 

The advantages of the constntction adopted iti tlii.* 
cell are, firstly, that there is a free cin^idation of the 
electrolyte not only between plates, but al-o through'' 
eiieh plate between l>ars ; secondly, ehemical action 
takes place c»n all four sides of every bar, thus nearly iloubling the 
efi'ective area of surface of both ^ " and - '* plates. C'orise<inently 
this cell gives a ranch (frritfrr mitjrut than any other cell for the sainr 
*''«V//(/, nunihcr of ifl'ttts, and fO<vi "f jdaiif mifixa. This is an advantage 
in traction work, where the deiid-weight of the Uittcry hm t^ be carried, 
of course. Further, the grid when pasted i« very rigid, without having 
A solid core of lead, common to some cells, while the jiaste is keye<l in 
on four side*. 

Edison Alkaline Cell— In this secondary cell the negative active 
mateiiiil consi^^t,s of finely divided iron, the positive active material of 
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a tiuely divnleil superoxide of nickel^ utul the electrolyte of a 20 
cent solutioti cif potassic hydrate. On discbarge, the iron oxidit! 

while the nickel oxide is reduced 
II 1(1 wet* sUite of oxidation ; l»ut 
electrolyte takes no part in the nlti- 
mate pt'odiict* of discharge at eiihj 
electrode, and the quantity require 
is therefore very era all. The actit 
materials are mixed with a neai 
equal volume of flake graphite, at 
nioulded lutder pressure into thi 
ectaiigidar cakes 3 in. x h in. R*cl 
cake is enclosed in a very thin sheath 
of perforated nickelled steel, and they 
are Ijuilt up into electrtKJes by placii 
a ntiniher of iheni in slots in a thil 
sheet grid of the same metal tn 
clamping rigidly together in a hy^ 
ilraulic press. The graphite is used 
to improve the conductivity of the 
active material!*, and takes no part 
in the chemical reactions of the 
In a paiticukr cell the normal 
t of active element ( + '^ or - 
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14 watts; iijttial terminal voltage, 1'5; mean terminal voltiige of fiill 
discharge, I'l volt, 

F. Peters ^ calculates that the cell requires 9 sq. dxm. of electrode 
surface per kg, of cell^ or 7 sq. iiis. per lb., which is uhout twice as 
great as in a gooii lead traction cell ; and that twice as matiy cells 
would be needed, owing to the mean voltage being only tl volt. 

A. L. Marsh suggests that nickel peroxide (NoO^) is the re*il 
dopolarising agent in ttje cell, and that it is electrolytically reduced on 
discharge to nickel sosqiiioxide (Ni/).^). 

A US-plate Edison cell was recently tested by E, Hospitalier.- 
It consistcil of 14 +"* and 14 - '* plates 2 mm. thick - 12 cm, 
wide X 23 vi cm. high, and each composefl of 24 tablets of compressed 
active material enclosed in extremely thin perforated and corrugated 
iiickclled-steel cases held in a nickelled-stecl grid 0*0 mm. thick. The 
dimensions of the cell were 13 cm. x 9'2 cm. >: 30*2 cm. high, and 
its totid weight 17*09 lbs. Discharged down to 0*75 volt it gave 
a1>out 153 ampere-honrs at 120 amperes, and 170 am[jere-hours at 30 
mperes. The internal resistance of such a cell rises from about 
0'00ir> to 0004 ohm at the end of discharge, and its increase of 
output with temperature is al:w>ut 0*2G per cent i>er degree centigrade. 

Appiirently the whole of the drop in P.D. during discharge iy due 
to the -r '^ pJute, and for this reason the makers now l>uihl a cell with 
twice as many + " as there are - "" plates ; the + ''"' being con- 
nected in jmirs, which considerably increases the output. 

A detailed description of the manufacture and performance of these 
-CJrils made at the Edison Storage Kjittery Work.s, Ok-n Iliflge, New 
York, is given in Enfjiurering, 7?^, pp. 1 -">, dnly 1, 1!104. The cells 
are made in the following sizes :— 
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ffp^ 


Jfq. Of Plat**, 


DlmmsiionJi. 


Normal 
HoISJ*' 


>Uxii))iiiu 
Cu)«4.''Uy 

MO 
'J 20 

3r.o 


m 

17i 
28 


Nlck«L 

12 
18 

30 


Iron. 


K18 
B27 
£45 


6 

9 

15 




110 
165 
276 



A. E. Kennelly found the E 18 cell in a particular case to havo a 
quantity efliciency of 58 per cent and an energy efficiency of 45 per 
cent, while F, M, Davis found the energy etticicncy mnge from IG per 

' VentiytJhlaU AccMtnvlfM"ren, 2. pjt. ]M5,1«», July 1, 1I»01. 
-■ hul. FJtct 12. pj.. 493-497, Novembtr 10, 1»08. 
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cent to 62 per cent uiulei a vuriL'ty uf condilious ; but no current ratoti 

given^ 80 tlmt these figures must not be taken in too definite a manner. 

EfTect of Specific Gravity of Solution on E.M.F. of Cell. — The 

E.M.F. of any lend sn)|jhurie yriil secondjiry cell a\er;igcs about 2 viill.% 
InU it varies with the density of the acid for h charged cell Other things 
being exactly the same, the E.M.F. vai'ies from lilO to 2'10 volts for a 
variation of specific ^'ravity of solution from 1 O'h* to 1 300 res]>ectivelj. 
The variation is in tho fonii of a straight line law, i.e. 2*00 volt* will 
eorrespoinl to 1-17">, and so on, Wc th«?rcfoie see that between the 
iibovtj Hmits the K.M.l'\ of a secomlary cell is inerea^i'd by using an 
acid solution of greater density. Outside the above limits of specific 
gravity, the V(>lt:i.:e varies much mort- rapidly than the density, 

Variation of Specific Resistance writh Density for Sulphuric 
Acid. — Tiie relation of specific resistjince tu density in the case of the 
electrolyte of ariy cell is important, seeint? that the internal resistance 
of tlio t-ell will dei>end on ixtth. Ihlute sulphnric acid behaves in 
laih'-r an interesting manner with regard to its specific resistance, 
which is hiirh for larjre and small densities, and has a minimum vidue 



between them. This 


is indicated by the following figures: — 
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SiMsriltc 


Perc«itiig« of Speeltlc 


H*'-!<i((Ulura 


PercouUgK of 


fiiwiitf 


»#KiiiUitre 


U«804. 


Gritvlty. 


(OUtuH iier «*ni. 


H98O4. 
30 


OmvJty. 


(Oliiu« prr n 
Cufcr). 


1 


1006 -4 


22 


1223 


1-3 


fi 


1032 


fj 


85 


12B4 


1-4 


10 


1068 


2-« 


40 


LlOtJ 


J« 


If. IIOG 


1 -9 50 


t;ws 


l-l>5 


20 1144 


1 '6 8U 


1734 


9 '2 


25 1 1182 

1 


I'l 100 


IS 12 





From tin's %vi} see that the specific giiivity of abont 1223 (more 
oxat-tly, 31 per cent, or .specific gravity 1231) gives minimum specific 
resistance or maximuni cnntbictivity, and that a SH per cent variation 
in specific gravity^ eitlu-j' side does not anise ninch variation in the 
specific resistivnce. Neglecting other effects, it will be seen that the 
best density to use in a lead secoudaty cell would be 1220, a?; this 
jrivcs minituum Tcsistancc of the solution. 

Hydrometers. — It is, of course, a necessity to be able to measure 
the density or specific giavity (sp. gr.) of the solution, and instnnnents 
for this purpose ai'C termed (fchlomfUrSt or more conniioidy ln{tlrtmrJfr». 
The nien-snre of sp. gr. is the weight in grammes of 1 c.e. of the 
solution as compared with that of water at 4' C, its temperature of 
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maximum density. Water, then, is trtkeii as a stjiiKlard, and its sp, gr. 
roOO gramme at 4 L\ If 1 c.c. of any other li<iiuil weighs ri85 
grammes, its sp. gr. is said to be 1"185. Iti pnieticc, the cletlmal 
point is omitted, and the last sp. gr. would l>c called 1 lf^r». The rang© 
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YEUDW 
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-iieo 



-I2BQ 



-1ZI0 



e 



1215 



Hy>JntJU«>Ur. 



Flu. S76.— UliiJSK-Hiu.l 

II>tlpJtltfl«T. 



Fn.. 277.-OI*««-B. 
nyUrTimptcr. 



in «p. gr. uf s(diaioti9 uswl for battery jh-uI '\a from ll'iO tn 1-225 in 
practice, and liydrometera liave to indicate this nmge. 

One of the cfuninonest forms is thfit shown in Fig. 27'>, ronsisiing 
of a thittened tube weighted with shot at tho bottom and terminating 
in a thin stem at the top, in which is seeded the scale. The whole of 
•the flat UuIIj is always iinniersiHl and also the lower part of the stem, 
bo that if tht* vuliinie of the bulb be htrge compared with the stem, the 
scale will be a long open one. The Vnilb is flattened to -f^ in. or J in. 
to enable it to sink between the plates of a cell or in any narrow space. 
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A (leiuitt/ Mimtor rather thftn a hydrometer proper is shown 
ill Fig. 276, and is called a glaaa-bead hydrometer. It consists of a 
flattened tube eoiitaitiing holes at intervals from end to end. It 
terminates in a hook at the top, and hangs on the side of the cell. 
I'he tube contains four glass beads in diHerent- coloured glass and 
ufljustcd ti> float at certain definite sp. grs. Thus the density of the 
acid contiuned in that shuwij la Fig. L'76 lies l*etweer» 1180 and 1215, 
When the sp. gr. of the electrolyte in a cell not having a transparent 
containing-box is rcqiiiied, the glass-bead hydi'ometer shown in Fig. 
277 tan be used. The stem ia open at the top and bottom only, so 
that when immersed .uid the finger held oi^er the top, it can be with* 
ilrawn and the sp. gi'. rioted, for the acid is held in the tube and the 
beads float so long as the top is closed. 

Insulation of Cells.— When doiding with a battery of many cells, 
as is often the cjise t\t the present day, the voltage across the terminals 




FU3. 2TS.— »«H:tion of >ln»hroa»» OiMJuraUitor. 



Fio. 279.— Comi^lele Muahrooin UU-IriMUlfttui. 
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is often very considerable. Unless, therefore, the cells are insulated 
from earth or the stands on which they rest and also from one 
another, leakage of cui'rent may tjtke place from the plates of any 
cell down (be outside of the contaiinng-box and complete its |Kith Imck 
to some other point of the Iwttery tin earth or fixings, etc., and tho 
battery would gra<bmlly run thu'ii and become discharged. In oriler 
to avoid this, tiearly all makers erect the boxes, when of glass, on 
wooden trays containing a little sawdust, the object of which is to 
absorb any moisture that may creep down the outside of the box. The 
tntys rest on wliat are commordy termed mushroom oil-insulators 
<Figs. 278 and 279), consisting of a glass ba>^e B having an outer rim 
r and central knob A, so that an iinnulur channel is formed Ijetween 
A and /, which contains a heavy non-evaporative oil such as resin 
oil. The glass cap C is provided with an outer lip L and an inner 
rim R Rj so that R R encircles a hole, and an annular channel is formed 
between L and li. 

Any leakage of current from the cell to earth will therefore take 
the path from the sumndt of C to the bottom of R indicated by the 
arrows. As a portion of this is across the oil O, an enormous resist- 
ance is interposed by this oib and hence the leakage is almost entirely 
avoided. The chief cause tending to produce leakage is the acid 
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moisturo or spray deposited over everything iu the neighbourhood of 
a buttery that is nearly charged and therefore gumruj. Three or four 
of theee insulators are used under each tray ; but learl-lined woollen 
boxes are placed directly on simple strengthening boanis which rest 
oo the insulators, no trays being used. Glass boxea are liable to 
fracture if they rest directly on the insulators. 

Variation of Teirminal P.D. with Time of Ctiarge and Discliarge. 
—Quite recently the author jna<le an extensive series of tests, lasting 
for several months (day and night), on some lar^c secondary cells 
iiavlng riaiitw -t- '^ and Faure or pasted - '■*"" plates^ and weighing 135 
lb». complete with acid each. The cells were of a well-known and 
|»rominent present-day type, and were ijitended for electric lighting 
and like purposes. Some of the results are embodied in the curves, 




•*ig. 280, which show the variation of terminal voltage with time 
the cells had rwvched a j)erfectly steady condition, as indicated 
by all the readings falling on the curves on successive charges and 
discharges. All the chai'ge curves were obtiiined with a cottatnnt 
normal charging current of 32 amperes. 

The discharge curves were all obtained with their own [^articular 
fonsinnl discharge currents, namely, 21>, 42 u, oO, 70, aTid l.'U amperes 
for the 10, 6, 4, 3, ami 1 hour rates respectively. The ID-hour rate 
Wtts the rtorniid one, and it slujtdd be n«»tt'd that the 1-honr fat« 
discharge is plotted to a time scale thicc times larger than it should 
bO| i.A it should slope from I'lH volt to 1 on the hour scale. The 
charge curves rise more steeply from nearly the same point, 2*18 
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volts, i%s the rate of (lischarge iuertiiise*, and lerininatr? when the 
voltage ceases to rise. Tli« ttisclmrge curves s1o|hj more steeply as 
the nite of dischjirge iti am|RMes incix^ases, jind the curve at normal 
rate has a region of constant tvTininiil voltage of about 2 volts i'or 
the first 6i houi-s of the discharge. The lowest limit of voltiige to 
which the cells wore allowed to discharge was 1*85, 1*80, 180, r7.i» 
and I "TO for tiie above rates re8|)ectively, but rrotwithstJinding thi^ 
all the charge curves start at about the s*ime RI>. A suniniary of the 
results is given in tlic following table : — 
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Effect of Charging Rate on the Discharge. — Another series of 
tests was subsequently undertaken on the same cells in order to 
dcternune the effect on the discharge curves of varyinj: the rale of 
charge The incentive for making these tests was the enormous 
convenience derived from l>eing at times able to chnrge at a greater 
current for a shoitrr time, and yet obtain subse<|Uently n gootl dis- 
charge. The results are shown in Kig, 281, the curves denoting ihc 
cflcct when the cells had reached a iwrfectly steady condition, Erom 
them it will l>e at once seen that practically the same disehargt* curve 
and output is obtiiinetl from the cells irrespective of the magnitude of 
the charging curront either side of its normal value. It should be 
rcmendiered that the prior treatment of a cell affects the sha[»e of 
the svdjsequent charge and discharge curves, i>. the input and output. 
It 18 therefore only {jossible to obtain re^ulta which repeat tbt'm- 
solves by following a doiinitc method or cycle of testing. Moreover, 
there can be little doubt that r»*peatcfl ehargitig at higher current ratea 
than the nonnal will seriously shorten the useful life of moat colls. 

Capacity and Output. — On account of the low internal t 
of secondary cells, the only limit to the current winch the) ^ _. 

^ Thb should have hten ftboat 1'77 volt, suit ioeotmt« for the elfiii»»cle> st tl»M 
rate being disproportioaate lo the rest. 
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is the resistance of circuit connected to their terminals, and the ability 
of the plates to stand the flow of a heavy current. For this reason* 
a short-circuit of low resistance may ruin the cells by rciison of the 
heavy current developed, and, if it does not actually melt the plates, 
will probably buckle them and dislodge active tnaterial. The current 
which should be tiiken from and put into the cell is determined by 
the tyj>e of cell and total area of the + " section, reckoning both sides 
of a plate ; being spoken of as so many amperes per square foot of 
+ '^ plate. In the various types of cells now on the market the 
figure ranges from 4 to about 25 amperes per square foot of + '^. 
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The charging current is often set at fnn» 4 to 7 amperes per s<-iuj»n' 
foot of + '''' plate. 

The capacity of any cell for- doiii^' usiiful work^ or, what is the 
^mc thirii;, its rated output, is for traction and {wrUiblo purposes 
reckoned respectively in either ampen^fioars or tmU-houn, at a certain 
aimmt rate, with a cnimv minimum fermiual mltn4je either pn' Ih. of 
platejt or per lb, of ttU complde with acid. For stationary purptjses, 
questions of weight are omitted. Thus the cells on which the tests 
just mentioned were carriefl out were found to have a rapacity or 
quantity output of 290, 255, 200, 210, and 134 ampere-hours, or one 
of 574, 494, 385, 402^ and 247 watt-hours, when discharging to the 
Reveral limits of voltage at the vjirions current.s corresptjnditjg to the 
times given in Fig. 280. The output of energy in watt-hours is, 
of course, obuiined by integrating the area of the discharge curves by 
means of a planimeter, seeing that the fall of voltage is not uniform, 

2f 
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aiul therefore that ita mean value multiplied by am|)ere-hours would 
not give the true watt-houre. The s:ime thing applies to the chnrge 
curves. L. Jamau ^ finds that the density of ,'icid used should be 
greater* the higher tijo i-ate of dificharge, and, further, tluit the - 
plates should have a greater area than the -^ " plates to give the 
results and maximum capacity. 

Effleiency* — Tliis is the ratw of rndpi^i Ut input between the lowest 
poUage Umit of discliarije and highest vdiage limU of churge, and at a girtn 
airrrnt rak. Withuiit these provisos, the efficiency is meaningless. 
\Ve therefore have 



Quantity effinieney = 



Ampere-hours given out 



at»|icre-houri put iu 

which may be iis high a-s 96 per cent when the current density 
(amperes per square foot of + '* plate) is low. In the above testa it 
falls from 91 '2 at the 1 0-hour rate to 83'7 at the l-hour rate, corre- 
sponding with a higher current dt-nsity at the plates. We jUso have 



„ ^ . watt-houra given out 

Euerffv efficiency = r— i ^^^ — r-' — ' 

^■^ ■' watt-houre put in 



and this in actual practice may be anything from GO to 80 per cent 
In the above tests it falls from 75"1 per cent at th« lOhour rate to 59-7 
at the 1-hour rate, which shows how increase of current density at the 
plates decre.'ises the energy efficiency. 

Variation of Output with Temperature. — The effect of tem|iera 
ture on the capacity of a secondary cell is far from being unimixirtjint. 
The reader mtist, however, be careful not to confuse it ^dth the 
temperaUiri? coefhcieni of RALF. of the cell, which is *|nite a differeiit 
thing, meaning the rate of change of MM.F. with temperature- — an 
almost negligibly small quantity. 

The output of a secondary cell increases i.\ ith increase of tempera- 
ture, and tnre le/'sa ; an increase making Ixith input and output curves 
slope more gradually, while of course lengthening the time of both to 
the usual limits. Ileim - has shown that in the case of a commercial 
cell giving an output of 71 ampere-hours at 14' C. and a 20-am]iere 
rate of discharge with a 1 "S-volt limit, the output rose to 1 28 ampere- 
hours at 45' C., i\c. an increase of about 80 jjcr cent. At a Si-ampere 
i-ate of discharge this siime cell gave an iiicreascd output of from 53 
ampere-hours at 14^ C. to 112 ampere-hours at 45° C, or an increase 
of 1 1 1 per cent. 

C. Liagre ^ has shown that between 1 5^ C. and 45^ C, and with dis- 

1 ]^L Elf fir. 18. pp. 201-203, 1899. 

'■* The Kteciriemn^ vol. 48. \\ 5S, November 1, 1901. 

* A'£da{ra*j€ £UctHque, vol. 29. p. 160, November 2, 1901. 
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charge rates varying frani 25 to 180 amijeres, the rate of increase of 
output is the same for any current and is uniform, the mean rate of 
increase being about 2" ampero-liours \wr degree Centigrade. Seeing 
that the range of tcmpcmture met with in this country throughout the 
yewr lies between alxjut - 3'^ C. and 20" C, it would seem impenitive 
for battery-makers to specify the temperature at which they guarantee 
the piU'ticular oiujiut, for within this range it is possible to have a 
variation of output amounting to from 50 to 90 per cent. 

Effect of Method of Chargring on the Output and Efficiency. — 
To some extent the curves of Figs. '260 and 2i<\ indicate this when the 
charge and discharge are effected at eomUint mrrent. Messrs. Cohen and 
lionaklson * have, however, investigated the effect on a nmstaut-<'ttrrent 
dhclmrtje of chargin(j at coristnnt FJJ.^ and lind that this considerably 
increases the output (by some 25 per cent in the cell tested). Tlje 
cell was of a 5-plate Tudor tyi>e, and was listed to be dischai*ged at 
36 amperes for 3 hours to a voltage Hmit of 1'815. The normal 
charging current was 20 amperes, and the constant I*. I), employed in 
charging was 2%") 08 volts. xVt the end of discharge the rush of 
charging cuiTent consequent on applying 2'r»08 volts to its terminals 
was about 105 amperes, and this ilropped t*> 10 amperes in 80 minutes. 

The energ}' effieiencies ubtiiined with corjat*int P.D, and constant 
cun*cnt -charging methods were 70'5 and 81 per cent respectively, 
while the quantity efhciencie« were 93'5 and 95*5 per cent. These 
results show that, while the out|mt is increiiscd some 30 per cent, the 
efficiency is diminished by charging at constant P.D., and a very 
material saving of over 50 per cent in time is efl'ected. On the other 
hand, only certain types of cells having strong plates could possibly 
stand the licavy rush of current in this method, and it is only reason- 
Able to suppose that the life would be seriously diminished. 

Treatment and Ailments of Secondary Cells. — These ate of far 

;hing imix^rtance tn users of such cells, for their initial cost is 
considerable, and therefore a long life is highly desirable. Within 
limits, the life is practicfdly dependent on the treatment and 
attention given to tliem, and if this is of the best, then the life 
of course fiepends on the total number of ampere-hours taken out. 
Tlie user will be well repaid for careful attention and trouble taken 
for their efficient maintenance, which embraces such matters as the 
following : The level of the solution should always be kept about half 
M inch above the plates, and, as the liquid evaponites and disiippenrs 
through spraying, more tdstlllcii traia; which should always be used, 
or dilute sulphuric acid, should be adde<], as the case may require, 
' Thr HUetrkktH, vol. 41, p. 674, Septcinlter 16, 1898. 
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in order to muintHin the sp. gr. constant in the cell sat/ ivlt^n / 
rimrtjeij. 

Cells should never he discharged below 180 volt per cell» j 
should never be alhiwed to remain in this discharged condition for 
many hours. Inattention to these two points in particular will 
result ill the fomiation of a hard, /ivj}-c<mductiHij form of le;id sulphate 
on the plates which is very difficult to get rid of even by repcJitefi 
ubfirging afterwards- Even if it is got rid of, it will usually scale off 
the plates, brining some of the active material with it This is 
often a cause of trouble, for the scale is usually able to bridge the 
narrow liquid gap between two plates, and then fonnB an internal 
short-circuit which grajiually runs down the cell whether it be on 
open circuit or otherwise. In such cases a rod of some non metallic 
material such n.s glass or ebonite should be moved sideways across the 
]>lates to dislodge the scale and send it to the bottom, A bad 
short-circuit bax-ing a very low resistance may do more harm to a cell 
than weeks of regular use. 

L. Jaman, in a paper ^ on the sulphating of plat-cs, points out the 
increase in the rate of formation of sulphate caused by even a small 
percentage of antimony (under 1 per cent) alloyed with the lead, 
especially w\ih acid of bigh density. He recommentls either pure 
lead for the ■+- '" plates or a low density of acitl. 

Jhui'Hmj or warpiufj of the plates takes place with too heavy a 
charge or discharge, and also when the cell is ulluwoel to rest in a 
discharged condition, no matter how strong the plates are or what the 
type of cell. It is supposed to be due to une<iiuil exjiansion of the 
paste on opposite sides of the jilate. This effect is partifularly 
disastrous to some tyi>es of piisted plates, causing the {mste to 
drop out in pellets, etc. When this happens, the plates shonld be 
R'muved and straightend. The •solution of a eel I which lias reached a 
fully cliarged coi»ditioji ,aj"pears in a .state of ebullition which is 
technically known as ^mlitiff or being milky. This is due to the bubbles 
iif gas which cannot any longer Ive t^iken up in the retluotion and 
Ibrmation process penneating the whole of the solution. They rise to 
the surface and burst, causing a fine spray of acid vapour to be 
evolveii Much of the spray, however, is deposited on the under side 
of glass-plate s/muz-^irrrgfers which are placed over the t(jp of the cell, 
and runs back into the solution. Some, however, permeates the room, 
which should therefore be urll vtntUnied and have as little nietal- 
work in its construction as possible, so as to be unaflected by the 
active atmosphere. 

» Ki-i. Hlfi'tr, 16. pp. 133-1 :I6, 1898. 
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The best connection between thf + "" pole uf i>no cell and the - "^ 
of the next h made by burning the two lejwl liign together^ the joint 
being totally unaftected by the acid sjtra^^ When bms? or c(>pp**r bolts 
are used to clainp the lug:? together they corrode and l>*^come a gr&it 
nuisance. Quite recently a special lead-covered hmsn bolt has been 
brought out (Fig. 282) which overcomes this difficulty. 

Th purittf lif the liiluf'' suljihunc adrl solution is ;i matter of great 
importance. The commorjer impurities to be looked for are non- 
volatile mineral matter swch as cAlriiim and leud sulphates, ahiinina 
and silicic acid, iron, hydrochloric acid, ai-senic, nitric and nitrous acids, 
and sulphurous ;n:id. Of the rarer impurities, the solution should 
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(iron) 



Piti. 2Ai.— Lewl-Oipi*f»d U<ilL 

lKj/re« from organic matter, and should not contiin more than 001 
gramme |>er 100 c.c. of manganenc, chroniinni, copper, i*r zinc. It 
should be free from Hr*weiiic, nitrous, nitiic, and sulphurous acids, 
and not contain rnoie than 0*001 gramme of HCl, 0002 gnimrae of 
ii*on, or 005 gmmtue of noti volatile matter each jier 1 OU c.c, in aci{l 
of sp. gr. 12ir>.^ 'I'he commercial article known us l>nm!4tone htdphuric 
acid is usually freest fruni the foregoing impurities. It is best to use 
distilled water, but clean rniu-water in the coiintry may often be twed 
instead. When the plates of a cell are badly sulphatod, i.r. coated 
with a white-lookinp f»calc of hard lea'l sulphate, this can be removed 
i)y rcjM^Ated charges antl dischiirgcs. 

• He*' Pftjier oti * Secomlnr)' (clU: llieir U*U!rior»tioit hjmI l^io (auj^-i.,* nml by tlie 
author Jwlort tlif Ix'i'iU LwhI S«oUoii of the lu«titution al EUxitrioBl liii^bverv I>»?c«ii1p«rr 
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CHAP. 



Uses of Secondary Cells. — Many are the uses to wbich this type 
of cell can l>e pat, for it is eii|jable of responding instantaneously to all 
retisoiiable demands for electrical energy. Secondary batteries arc 
used in conjunction with running engine-dynamo sei^ to supply sudden 
temporary ttverloaijs whidi would otherwise put an abnormal stnilu 
on the running plant. In this capacity they also act as pressure 
regulators, and discharge in paialkd with the dynamos at times of 
heavy load, A battery enaldes the dynamos to l»e stopped iilHiut 
1 1 P.M., and from then supplies the necessary power for the uight if 
installed in suitable cajiacity- The prime cn$t and depreciation of a 
battery for a given kilowatt output (say for o hours) is about the 
same as for a ateam-engine-dyiiaino-1>oiler set for the same [»eriod, but 
the running cost is reduced by the use of a battery, seeing that it will 
take temporary overloads for which extra running jjlant woidd other- 
wise have to be supplied under wasteful cunditions. 



QUESTIONS ON CHAI»TKR X 
[Supplftnenf alt Amioen with Skeiefu^ tchen po»*ible.] 

L Describe tlie Clark btaiulard cfll, titid atat« what {jrecauHons ans rtH|uired in 
its use. (C, and Ci. OrU. T. aud T. IS97.) 

2. What, farms of battery ('*'nfi are n»vi\ in jwactical tt"l<?grapliy ' What i» th<? 
E.M.F, of each, and what 8].ieeial advaiiUgos does each jigssess I (C, and G. Ord. 
T. andT. 18970 

3. Describe the construction of a L^elanche cell, and state what are ita advaiita|^» 
ami disadvantages. Under what circumstauees would you employ L«k:Ianeh<- cells 
(Pielini. C. anil G. 18^7.) 

4. Describe in detail the eonstnietioo of a Clark standard cell. {Hons. Sect. I. 
C. and G. 1897.) 

r*. The liquid in all the cells in a battery of accumulators has the right density 
after charging, but one of the cellg, although of the same sijie as the others, lias a 
much smaller capacity: what is the cause, aud what remedy would you employ ' 
(Hoiis, Sect. II. C. and (J. 1897.) 

6. Describe, with skt'tches^ two Wfellknown types of aecondtry cells, one statable 
fur eeniral-statfon work and one for traction, and [loint out in what resjieots they 
differ. (Ord. C. and G. 1898.) 

7. Sketch and di'Hcribo some gocKl form of accunmlator, and explnin how yon 
would ascertain whether it was chargtHl or discharged. About how muuh current 
may be taktun from an accumulator ]ier H*iuare foot of +** plate, and what oecnrs if 
the cell be diai.harged at a much higher rale f (Prelim. C. and G. 1899.) 

8. What is the elfcct upon the storage ca|»acity, the life, and the electrical 
eihciency respectively, if a constant pressure instead of a constant current be used in 
rhargiiig aocumulators ? Under what circumstances is the charging at constant 
jtressuve particularly useful 1 (Hons. Sect. 11. C. Hud C, lSJ*y.) 

9. The iKjlea of a battery of E.M.F. E are connected by a resistance R; it is 
found that the current rtowing in the circuit i« C. and the P.D. between the i*ole8 of 
the battery is c i what is the resistance of the battery {a) in terma of £, R, and C ; 
(6) in terms of E, R, and ( ? (OnJ. T- and T., C. and G. 1900.) 
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10. lu A telegiupli battery of the Daniell type, the zinc plito is pUced in n 
solution of icinc sulpha tc< : as such a holiitiuii does not, vinder ordinary cciindition»<» 
*ct ch»'uiicHily ti|»on lh»? zinc, how is it tlml action takes place in the buttery f lOiti, 
T. and T., C. and G. 1J»00.) 

11, |)^so^l^? any foriu of battery t.<iii»eeially sniitiible for t*1ep}ionic puri>oaes, and 
•tate how it can be lcst<?d ntul umiutnined. (OrtL T. and T., C. and G. IDOO.) 

12, Two cells A and B, eacli of 1-volt E.M.F. and of 5 and 10 ohms rc«istanei' 
rr*pcctively, hwve the +" pnlu of A joineiJ tn the - "" jwile of B, Jtrid th« - "' pole of 
A joined to the ■i-*' pole of IJ i what ift the P.D. between the re*peetive junctions 1' 
(Hons. IVlfg.. C. and G. llJOO.) 

13. What is n 'dry battery/ and how does it act? What special advantages 
does it possesJi, and wha,l iaitsappnixiuiate E.M. K. * (Hons. Teleg., C and G. 1900.) 

U. A battery of 5 ohms reaiatanoe hiia it« jHjles connected by a resistance of 10 
ohuiH : th** P.D. liftween thorn is 15 volts: what is the E.M.F, of the battery T 
fOrd. T. :nid T., C. and G. 1901.) 

15. A battery of IQ i-dls i» connected to two telegraph cinniits of 1000 and 2000 
ohms re«i)$tauco : what current p(U!»e» through each circuit, and what change in the«e 
cnrreuia will take pU<^ if a i-ewistance of 500 ohms is oonuected a«;ros8 tlie poles of 
the »M«tery ,' (Urd. T. and T., C. aud 0, 1901.) 

Id, Ik«»cr»bo any form of 'dry' battery, and illustrate the same by a sectional 
sketch. (Old. T. ami T., C. nrdCJ. 1901.) 

17, Fully describe the construction of an acciiniulator ; state how it ia charged, 
and what E.M.F. the charging' current should have conipai-ed with the maximum 
E.M.F, of the incumulator. How is it known when the latter is fully charged 7 
(Hona. Teleg., C. and G, 1001.) 

18. Give exarnplcii illustrating the iliatinctiona between the K.M.F. of a current 
generator and the P.D. lietween it* tLMminals. (Prelim. C. and G, 1901.) 

Ij). How is an aoennmlator made, and how im it employed in practice ? What 
are the various proc.*iulioHH that should l>e inlitpted iti the use of accumnlatonj, and 
what happens if these art* neglerted '( (Prelim. C. and G, 1901.) 

20. DescrilHfany furm uf uci umulatfu. Wlnit in its normal E.M. F., and bow 
wonld you tjetermine w heth»'r it was fully char;^>d or not ? (Onl. T. and T., C, and G, 
1902.) 

21. Dc<*crir»e any form of fiocumulalor. What relation is there between its charge 
the density of tlie acid f Between what limits nhonld the deuHity of the acid Iw 

ntainod, and in what termK in the working capacity of an accumulatoi expressed 1 
(Hon*. Tfleg., C, and G. IW2.) 

2'i. Two dry oelli each have an E.M F. of Id volt and an int«rnal resistanoe of 
0'3 ohm : how would you couple theni np »o as to give the greatest current through 
a wire having a resistance of 0*4 olun, and what would be the value of the eunenl 1 
(Prelim. i\ and G. l«0:i.) 

'Iti. Whut are the quftlities required for a good voltaic cell ? How may the 
reaiatance of a battery he dimini»heil und the K.M.F. increased ! (Ord. T- and T., 
C. and G, 1P04.) 

21. De«Liibe thu Daniell and bichromate celU. If the E.M.F. of a cell be 
ti volts ai»d its resistance I ohms, what will be the P.D. between its terminals if these 
are joined by a resistance of 16 ohma f (Hons. Teleg., C. and G. 1904.) 
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AhM>lute system of units, 59 
Alworption, re>i«Iual, 170 

of liglit by lamp globes 38*2 
Acceleration, definition of, 51. 60 
AcM, variation of s)iecitic reKistance with 
density of sulphurii*, 428 

for sei:ondary cells, purity of sul- 
pburic, 437 
Acidouietent, 428 
Air-pnnip. Flenss 't^ryk," 319 

Sprengel, 323 

Batt and Htroud rotatory, 326 

evacuation, liquid, 328 
Alkaline secondary cell, Edison's. 425 
AUevanl steel magnets, 10 
Ammeters, soft-iron nee«lle, 227 

vulcau, soft-iron needle, 228 

C Yonipton moving-coil permanent-mag- 
net, 229 

hot-wire, 232 
Ampere, the, 38 

turns 131 
Anode, 37 
Apparent ]K)wer, 269 

resist&nce of the arc, 349 
Arr, voltaic. 345 

the crater, temperature, and fonn of 
an electric, 347 

striking an electric. 347 

tem])erature of an electric, ;{47 

crater of an electric, 348 

back E.M.F. of the, 349 

len^h anil resistance of the electric, 
349 
Arc lamp, regulating mecliauisni, 351 

(rarbons, rate of consumption, 348 

carbons diameter of, 'J49 

differential 352 

modem, 352 

the Davy enclos«<l, 3.')3 

compensator for, 354 

silencing device, 354 

Davy twin, 355 

Davy inverte«l reflecting. 35«J 

Stewart, 356 

Stewart twin, 357 

Stewart high -economy, 3.'J9 



Arc light diffusers 372 
Arcs, long and short, 350 
flaring and hi^^ing, 3.^)0 
the GilWrt, 360 
focussing, 361 

• Excf Ho ■ intense-fl.ime. of)3 
Bremer, 371 
electrolytic, 373 
magnetite, 373 
Kostfi's hot-wire-control. 374 
resistances choking coil, economy coil 
of, 378 
I intensity of an, 382 

j Astatic galvanometer, Kelvin, 206 

Atomic weight, 41, 43 
■ Attraction and repulsion, electrical, 20 

B.A. unit of resistance, 44 

Balancing coil, 380 

BalliAtic galvanometers 40, 168. 209 

Bichromate primary cell, 395 

Boanl of Trade unit, the, 58 

B<jard separators for secondary cells 

chloride, 424 
Brewer arc lamp, 371 
Briilgc, the Wheatstone, 90 

the metre, 92 

the Post Office jjattern Wheatstcme. 93 

fault-localising, 95 
Buckling of plates in secondary cells, 436 
; Bullw, frosting I'lectric glow-lunjps 808 

coloured, 308 

Calorie, tin', 51 

(.'an«lh'-|H»wer, hi'mihphcricul, 370 

with diutnrtcr of nirlKin, viiiitittou of, 
3M3 
I Cap of Klow-jamp. 304 
I Capaciti«-s ronibliiittionNof, 17ti 

Capiuity. s| liir IimIu. tUo, 2f», '.M». 16S 

i "iiiil ol. 17',; 

ol ri>iiitfii>i>i and III ddui'iiMlons 

I flat ion liplMifii, I /',! 
ol t'ondiMMi'i. mil > liti ilii-, \J I 

I of firi'lili' Miitlii ., I ,11 

I iiiiij mil pill ol oitdiMN ikII., IMV 

I Clllboll ' Kx.fllo lliMiM- .111- liMiip, llllH 
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(MbooM, metal-oofttcd, 846 

ooDdnetiTtty of arc kmp, 947 

cond Mc l^t, 848 

nto orooiMiimpfei<m of arc light, 348, 
888 
Gbthode,87 
Cell, Uchrooiate primarj, 395 

L^danehe primary, 397 

dry. 899 

the DanU dry. 400 

the Danicll, 401 

the Clark standard, 402 

the Weston standard cadminni, 404 

efficiency of mscondary, 484 

variation of output with temperature 
in secondary, 484 

variation of output with method of 
chaifiing secondary, 436 

buclcUng of plates in secondares 486 

lead -capped connecting Iwit for 
secondary, 437 
Cells, primary, 391 

simple voltaic, 393 

design and maintenance of primary, 
404 

jnedetermination of E.M.F. of primary. 
405 

methods of grouping, 408 

secondary, 410 

desiderata in secondary, 412 

the D.P. secondary, 415 

the monobloc secondary, 417 

the Tudor seconilary, 418 

the cliloriile secondnr}*, 421 

the cxide secondary, 423 

the E.P.S. secondary, 423 

the headland secondary, 425 

the Ellison secondary, 425 
Charge, the electrical, 21 
Charging rate on the discharge, effect of, 

432 
(liemical proi>etty of nn electric current, 
35 

equivalent, 41, i'i 
Chloride secoiuiary cell. 421 
Choking coil, 378 
Cin'uit, magnetic, 132 
Circuit** in series and parallel, 83 
Clutch of Gillwrt arc lamp, 362 
Coefficient of speeitic resiHtance. 69 

of resistance, temperature, 72 

of self-induction, 196 

of niutnnl imluction, 199 
Coercive force, 12, 145 
Coil wimling for electro-magnets, iri8 

length of wire on a given, 1 60 

resistance of a given, 100 

weight of a given wire to fill a given. 
161 

power wasted in and temi>eniture ru<e 
of u, 162 

aud core of electro-magnet, relation of 
diameter, 162 
Compensator for arc lamps, 354, 381 



GondADser, u el«ctiieal, 168 

capadty of a, 168 

constnictkm of, 168 

actioD in a, 169 

•neigy and vock in duogiiig tad di»> 
cbaiging a, 179 
Condensers, cylindrical, 176 

of two-wire tton-cooeentzlo tMm, 177 

uses of, 181 
CoDdoctanee, practical unit of deetriak 
46 

specific oondncUvity, 81 
Conduction and . insulatkm, aleotiieB], tt 

28 
Consequent poles, 128 
Conservation of energy, the law of the, M 
Coulomb, the, 89 
Crater of an electric arc. 847 

diameter of arc lamp, 849 
C^urrent, the electric 83 

properties of the electric, 85 

the magnetic effect of an electric 85 

the heating eflTect of an electric, 85 

the chemical effect of an electric 85 

the physiological effect of an deetii^ 
35 

the physical effect of an electric, 86 

practical unit of, 88 

and magnetic force produced, relatioD 
between, 128 
Currents, momentar}' or trandent, 40 
Cycle of magnetisation, 145 

Dauia dry cell, output of, 401 

Daniell cell, the, 401 

D'Arjionval moving-coil galvanometer. 21 1 

Davy enclosed arc lamp, 353 

twin arc lamp. 355 

inverted reflecting arc lamp, 356 
Demand indicator, maximum (Atlcinson- 

.ScUattner), 261 
Density, 49 

electric, 24 

surface, 25 
Dinniagnctic substances, 136 
Dielectric hy^tere^is, 171 
Dielectrics, 29, 168 

table of, 30 
Diflercntial arc lamp, 3r»2 
Diffnsers. arc light, 372 
Distribution coil, 380 

of illumination from arc lamps, 382 
*D.P.' sfoontlary cell, 415 
Dry cells, 899 
Duddell oscillograjth, 217 



I Eoonoiui>cr of ' Kxcello ' tlame arc lamp, 
364 
Economy ar«- lamp, high, 359 

coils f(ir art.' lamps 378. 381 
Eildy currents, 192, 249 
Edison secondary cells. 425 
Efficiency of ele«'lric glow-lamps optical 
and commercial, 309 
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Efficiency of electric glow-lamps, maximum 
economic, 310, 312 

of Nernst electric lamps, 337 

of thermo-electric generators, 391 

of Hecondary cells, 434 

and outi>ut of secondary cells, effect 
of method of charging on, 435 
Electric density, 24 

))oteutial, 26 

current— its natnre and direi'tion of 
How. 33 
Electrical induction, 28 
Electricity, its nature, 20 
ElectriAcatiou, two kind-s of, 20 

the origin of, 24 
Electro-chemical equivalent, 40, 43, 406 
El»:troiIes, choice of arc lamp, 345 
Electro* I \-naniic action between conductors, 

124 
Electrolytes, 37 
Electro-magnetic induction, 182 

magnetic induction, laws of, 190 
Electro-magnets, 151 

for alternating currents, 155 

lifting power of, 156 

uses of, 158 

winding of, 158 

power wastetl in and temperature of, 
162 
Electromotive force. 49 
ESectrostatic induction, 167 

voltmeters (Ayrton- Mather Hrni), 237 
E.M.F., evaluation of induced, 190 

of the arc, liack, 349 

thermally, the protlnction of, 385 

laws of thermo-, 386 

with density of acid solution, variation 
of, 428 
Enclose* 1 arc lamp, the Davy, 353. 356 

the Stewart, 356 
Energy, ilefinitiou and unit of. 57, 60 

kinetic an*! |)otcntial, 57 
E.F.S. secondary cells. 423 
Er|uivalents, cheniical, 41, 43 

electro-chemical, 40. 4*J 
Evacuating glow-lamp ]»ulbs, 30:J, 319 
Evacuation by liquid air, 328 

by absorption chemically. 32> 

devrree of, 329 
' Excello ' inteuMf-fiiuiie an? lain]), 3()3 
Exiile !<econdary cells, 42:{ 

Faniii, the. 172 

Farailay's law of eltrctrolysis. 3S 

law of iuihutiou, 191 
FauIt-locnlJMn;; bridge, 95 
Faure wrruulary cells, 411 
Fibre and pivot suspensinns, 217 
Field of a current in a strjiii;lit win'. 
ma>m»-tic. 122 
»>f a current in a coilt-d win*. ui.i+nK'tic, 

125 
and i>f»laritv of a -olfuoiil, maj;netio, 
126 



Filament of glow-lami>H (M.F. and mount- 
ing). 297 

Filaments of glow-lamjis, uniformity of, 
315 
canses of failure of, 315 

Flame arc lani]), * Excello ' intense-, 363 

Flaring in an electric arc, 350 

Flashing process in glow-lamp M.F., 301 

Fleuss 'Geryk' air-]iumi), 319 

Flux density, 133 

Flux, magnetic, 18, 133 

Focussing arc lamp, 361 

Foot-poun<l, the, 53 

Force, electro-motive, 49 

definition ami nature of, 50 
unit of, 51, 60 

Foster hot- wire-iontrol arc lamp. 374 

Foucault or E«ldy curn-nts, 192, 249 

Fretpienoy imlicators (British We.stiug- 
housc), 266 

Frosting glow-lamp bulbs, 308 

Galvanonu-tcr, Ballistic, 16S, 209 
GalvanoiiMrtcr-, moving- coil ami moviiig- 
neclU-, 204 

Post Otliie bri(lK«- form, 204 

Kelvin <i>tati«', 206 

moving-coil, D'Arsonval, 211 

Ayrtou and Mather inovingcoil, 213 

HoliU-n's hot-win;, 214 

scale for reflecting, 216 
Gauge, viicuuui (M'1a'o«1), 329 
Geryk air-pump, 319 
GilWrt arc lamji, 360 

clutch of the. 362 
Glass-bead liydroineter, 429 
Glow-lamp, Nenist ele<-tri<', 331 
Glow-lamps, the lilament of electric, 297 

forms of electric, 305 

night light or re^lucing, 306 

Aston Bohm, 307 

frosting, 30S 

etticienov <»f ele«'tric, 309 

life of eie<tric, 309. 314 

tilaments, causes of failure of, 315 

in ticry mines, 317 

silicon carbiile, 317 

osmium, titanium, and tantalum, 317 

Hand rule for ilinvtiou of m:igneti(* field 

and cnm-nt, 12.'> 
Headland Mondary cell, 425 
Heating ]tnqierty of an electric cunvnt, 35 
Hemispherical canillc-|>ower, 370 
Henry, the, 19{> 
Hissing iif an electric an*, 35() 
HorM'-jwwer. tlie, 5r» 
Hot-win'-c«>ntn"»l arc lamp, 374 
Hot-win' galvaimnieter, Holdcn'.N 214 

ammeteis, and voltmeters. 232 
Hysteresis, m.ngnetic, 144 

st.itic ami vi>cous, 151 

ilirlectric. 171 

te>tin>: instruments, 2S7 
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lIv^UsTtf-si* UiiWr ( Blnn. lei CArp«fii tier), 288 


Internal resistUinct? «if inriiiiary lujil*, 3WJ- 




lliraniitict«r^, 428 


401 
JtiTtT** riirrunts 185 




laie or wattless current, 249 


Inverttf'l reflecting arc lainp, Darr, 996 




•Llle-wmj' raeth,>a of lUiuplnj; o^iUft- 






tioDs 213 


Jota«'« Uw. 55 




lUuminution. «iJiiiril»otiiJij of, 382 


^^^^ 




IniptMleiice coil, 378 


Kelvin siatatic f^ftlvanoiiieter, 206 ^^^^H 




liicatultfiicfent eloctric livm|us forms c»f. 80fi 


Kilowall-honr. The, 58 ^^^^1 




iiight lifilit. 306 


Kinellr euc^y, 57 ^^^^H 




froste^l nihl cnlottml, 308 


^^^^^H 




^L vtHuieiK y of, 309, :il2 


Im^, uuigia'tir, 150 ^^^^H 




■ life or, 309. 314 


Lamp l)ulVi, I'vncuittion of, 303 ^^^^^H 




^H (ilanieia<« of, 315 


I^rnps. elKitric ii»t.'ituileM.cnt, 296 ^^^^H 




^B iiitni^, 317 


fil(un»Mjt of flfi trie glow-lamps 297 ^H 




^■^ silicon car1»Me, 317 


effick-ncy of «Ifitrir gtuw-lAmp.N 30tf^H 




mmiiiiti, liiiiUluni. eU%, 317 


in niiiii's, 317 ^H 




linUontor, iimxinnuti iIcmiiiikI <.Atkijjs<iu- 


N'«mKt tflvctric iucnndtisceut. 331 ^^| 




Sclmttiier), 2«1 


etlirirnt y of NvmKt el«(lric, 337 ^H 




frequeucy f Brilijih WwtinghoUHe), 266 


vA}>mir, 3;)7 ^H 




|)ouer factor, if68 


eleK.tric nro, 345 ^^M 




IiitUiied eiiiTetit, lUrvctiou of an. 185 


rlectro(lc5 of ulM:tric are, 345 ^^M 




cttireiits, tnea.sure«ii«it of traiiNient OT, 


regiitiiUiig Mii*cliani«im of Anc 351 ^^M 




1H7 


ililTen-ntiul an, 352 ^^M 




hiilnce<l E.M.F., evnlnatioii of tlj«*, 190 


inoileru tire, 3fi2 ^^M 




cunrut, qiiantitv nf eltrtricilv lu an, 


the l)nvy eut.tluseil iirc, 353 ^^H 
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the I»avy tw in at^^ 355 ^H 




Iniliittion. ninKiu'tic, 8 


the Stewnrt urc, 356 ^H 




.lensity. 18, 133 


the Dnvy iuveii<><l reflecting arc, 350^^| 




elcL'lruiil, 28 


the Stewart twin arc. 857 ^H 




clwti'ostrttic, 167 


higlt-eeouoritv nre, 359 |^H 




^_ electro- nj>4fuetir, 182 


GiJlNjrtniv, 360 ^B 




^K Wtweeu imnillel straight eouilui;ton«^ 


fnunvHing are, 361 ' 




■ 184 


' Eo(c«Uo' intenMs-rtame an% 883 i 




^m Iwtweeii (1 ujAg»et aiul i>oUeil circaita> 


eU-ctrolytic arc, 373 




H 186 


luoguetjto arc, 373 




^1 Wtweeti cutU'd circditA, 186 


Foster's hot-wire-roiitml an-, a74 




■ »ilf, 194 


Law of the couaervation of energy. 58 , 




^B coelftcitiit of self, 193 


Laws nf ningnatic atti'n.ction and mpitl^irrii, , 




^H prm tjial unit of >ii«ir. 197 


4, 14 




■ cnictilntinri nf MU 198 


of electro«t*tic attnutiou and r*- 




^M iimtuAl, 199 


pubion, 21, 25 




^P calculnttou of miitnal, 200 


of luHMnetic rc^istAOcc, 156 




Indui'tinii coil Kiiliuikorff, 187 


of the inryfnetie circuit, 136 




laws of ijli'ctro-iiiiigin'tic* 190 


ofil,ernio-K.M.F.'a, 386 




lm\ucliv«? rapncity, ^i^'riHt', 29, 168 


Leakni{t', 109 ' 




circuit^, loiuis of, W^ 


LiWM nl, 110 




Iiuluctivity, ruaiiiiM'tic, H 


I>«'cliin( hi' (irinuiry <ell (U-II fomx), 397 


^^H. 


Inertia, t-k-ctrioal, 197 


primary cell (agglomerate form), 396 




Inmilating materiuK propertlof* of. 105 


Leyden jar, 182 




^L niaterialii* talilr of spwififi rcfNistauces 


Lif<- oreK'.tiir kIow lamps. 309, 314. 316 




■ r.f.l07 


Lifting power of eleL'tro-miufiiH*-, 15tS 




iDMulntinii Mid comluctiun, t-lectrical, 22, 


Lines of miiKtieli*- fon-e, 5^ 132 , 




23, lOf. 


Liquid-air evacnniion, 328 




^_ n-sistaiicj?^ 265 


Loc'ul action in primary fells, 394 




^m ri'siHtanre imliciMor, Evwett - Big- 


Loile'slonen, 2 




^P eunibe, 256 


Lorenjt method of detertninlu^ unit of rH- 




Ili!«aIiitor> for ^^ll^pnrtiMK con<luctoi-s 111 


sistHHce, 45 




for .•iti|>jjoriiij;g coijiluctor*, f^rms of, 

114 
l)Attery, 430 


Ix>w nMliotauceJi. ttandarxl knowu. 102 




Ma^mel, dt'thiition and propertie* of a, 2 




lutw^atiii^ waltnn^frs 246 


churaiteriHtifs of a, 2 




Inteii>^itv t>r tiiM>;iH-l.lsAtioij, 16 


dlNtnlnition nf nia|;uetL4rn in a U^r. 3 




of nri- light, m2 

i 


magnetic axi.i of a, 3 





^^HlagnuU ueiitral axis of ii, 3 


Meters, eclipse B,N,H. Ij i»e, direct-ritrrent, ^M 


^B^ the earth a, 4 


electricity sn|ipiv, 247 ^| 


^^piji^i«tic HUl^Unctts, 4 


BniNh-tfUtniaiin alternating- current. ^H 


^^H atirHCtioD nutl repi)I>iii>u, laws of, 4^ 


electricity supply, 2r>0 ^^^H 


^m 


Metre bri>l^e, the. \*-l ^^^M 


^" fori'e, lines of, 5 


Mho, the. 46. 82 ^^H 


field, « 


Micro -ermlomb. the, 40 ^^^H 


inductiou, 8, 17 


Miiroriimd, the, 172 ^^^H 


•creening, 8, 192 


Microhm, the, 46 ^^^H 


reuajliviiy, 11 


Miiliampere, the. df» ^^^H 


saturation, 13 


^[o?l;entunl. 52 ^^^H 


ptTtiif Ability «>r imliictivity, 14, 135 


Moiioblix; Accondary cells 417 ^^^H 


^_ nxuueut of a ningnct, 16 


Mi)tual iaduttion, cocrHcieiit of, 1U9 ^^^H 


^H polr, unit, 17 


induction, cnh-ulAtiuii of^ 200 ^^^^| 


^m Huv. 18, 133 


^^^H 


^^m |>ro{)erty of on electric current, 35 


Negative electricity, 21 ^^^H 


^^1 Held of a current in n iitmight wire, 


Nerust eleitric iucande«<-etil Imiip. 331 ^^^H 


^m 


elM'tri« iucaadwscent lamp, efficiency ^^^H 


^^M llehl of a current in a ooili-U wire, 125 


of, 337 ■ 


^H field and jiolarity of a .wli^nmd, 12Q 


Neiitnii axis of a magnet, 3 ^^^H 


^H force produ'-ed, relation betweeti 


point of A thernioronple, 386, 389 ^^^H 


^H current untl, 128 


^^^^H 


^m circuit, 132 


^^H 


^H potential, 134 


the Paris, ^^H 


^H ciretitt, laws of the, i:)6 


Ohm's Ijiv., 65 ^^^^| 


^^1 reMintAiice, taws of the, I3^f) 


Opeti arc hunp, 353 ^^^^H 


^H i.drcatta, op«ii und d')Hi>d, i;jc( 


0.si illograph, iMiddell, 217 ^^^| 


^H i&rlacttoti wiih niugnoti.siuK (cttcv. 


double hijjh frequetuy, 21 V> ^^^H 


^H variiaion of, liQ 


indicating arraugenieiitx of the, 220 ^^^H 


^H jtcnneability with indnetiou, varifttioii 


properties and uw.h of the, 221 ^| 


^m of. 143 


Output ani! capacity of secondary cells ^| 


^m hy^terenh, 144 i 


■ 


^H cycK 145 


with teujp«ratur« of »econda»v celK ^M 


H l'»K, IT'O 


variation of. 434 ■ 


^H t4>>>tint^ ^ets (Drysdale'ii), 278 


ol M'condiiry ceJli, efftM t of nierhful M ^M 


^H p«nnrability Italance {Ewin^'n), 28.5 


chnr^dng on. 435 ^M 


^H hy'^tei-i-.Ki-i, inHtninicnU for lueuMiring, 


Oxidising ur ]ii(kliii^' solution t.a I'tmite ^M 


^r 287 


idutcs, 415 ^^M 


' Mj^;u«tiH«ti<»n, intensity of, 16 


^^^M 


Ma^etiHlng force of a itolunoid, 130 


Parallel mui »«erie> i-ircnitx, 83 ^^^^H 


forve with magnetic iiuiuction, varin- 


Par;mjaK»clic KulMtniiet^, 136 ^^^H 


ti<H! of, 140 


hiris legal ohm, 44 ^^^| 


Mo^'iieti«in, free, 5 


P.D. with time of charge, etc.. vuriation nf, ^^^H 


ninl«TMl(ir theory of, 11 


■ 


^^ reNidimi, 12 


Peltier effect, the, 3S7 ^^M 


^kiguetiie. 2, 373 


l*enn«ability. niAffuetie, 14, 133 ^^^H 


^^P an- lamp, 373 


balance, Ewintr's magnetic. 284 ^^^H 


^^Majfiiet^o- motive forte, 133 


FemitsamcterH, 278 ^^^H 


M;igneU, |>eniianent, 2, 10 


PenUtsance, 136 ^^^H 


unit 1 ml action of, 4 


Phiwemeter (Everett- E.lgcumbe>, 268 ^^^H 


str.ti^'tli nf, 10 


Phyiinnl pro|i«r»y of ah ♦dectric current, ^H 


^^ (oiupound or laiuiiiated. 10 


■ 


^H tractive force of, 12 


PhyMiological projx'rty of an electric ^M 


^M <>l^«tio, 151 


current, 35 ^M 


^^1 for jdtemating currents, elet'tni-. 156 


Pickling or oxidiwiug uolatluh for Plnnte ^M 


^^HainH, (.!ap>u-ity of electric, 176 


plalCM, 415 ^M 


^^Hta.'^ji, detiiiitioii ami nature of, 49, 51 


Pivot and Uhn^ suHpeiiMon.,, 216 ^^^M 


^^Blatter, detinitiftn and nature of, 49 


Plalite .secondary celK, 41 1 ^^^H 


^BilaxiHiiiiu deniajid indicators (Atkinson- 


Polar curve nf caiuUeponvr, 369 ^^^H 


f SchattlH-r), 261 


PohirLsation in primary cells 394 ^^^H 


[ Mecliaiiimn of an arc lamp, n-gtilatiug, 351 


Polarity of a magnet, 3 ^^^H 


Megohm, the, 16 


[*oh* of a nnigiiet, 3 ^^^H 


, Muixury-vupour laiupa, 337 


con!>.equeut, 128 ^^^H 


h^t«r8, electricity nipplv, 246 

1 


PoHitive electricity, 21 ^^H 
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tfc^M 

dbitioii aiMl mit of, M 
of cketio-iuigiMto, liftfa^ 156 
liutor indicatan, 268 
«leettittl46 
I^rll■w7odl^991 

design and nudnteniiice of, 404 
pndeteniiiiution of &M.F. oC 406 
Pkimp^ nenw 'Geryk ' afr., 319 
Spnofel air., 823 

Barr and Strootl'H roUtory air-, 326 
Pyxoaieten, electrical, 272 

Qnadnuit, a, 198 

Quantity, practical unit of; 39 
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coil, 378 
R aa ftttom in leoondary cells, 413 
Beeofding instrnmont*— ammeten^ volt- 

metert, and wattmetens etc, 244 
Rcgnlating mecbaniam of an electric are 

lamp, 851 
BMnaaenoe, 145 

BepoUon, electrical attnwUoD and, 20 
Beiidaal abeorption and thargt, 170 
Rfdatanee, pnurtical unit of, 43 
the B.A. unit oi; 44 
Loretu apparatuM for detemiiuing uuit i 

of, 45 
variation of, witli length, 67 
variation of, with croaw Hectitm, 68 
variation of, with material, 68 
niasH ami volume, H]]ecitic electrical, 

69, 70 
of conductors, law of, 69 
variation of, with tonipeRituns 72 
table of Hpe<:ific, 77, 79 
InWH of magnetic, 136 
of a given coil. 160 , 

inxulation, 255 '■ 

and iuHulation indicator, Everett-Edg- 

cumlM', 256 
and length of the electric arc, 349 
of cclU, internal, 396, 398, 399, 400, 
401 
Ki-HiHtancco in series and ])arallv], 83 i 

standard known, K6 
Htandanl known, low, 102 ' 

Resistivity, 69 . 

Retentivity, mngiK'tic, 11, 145 
Ruhmknrff induction coil, 187 ' 

Rule for direction of magnetic Held and 
current, hand, 123 
for direction of magnetic tiehl and 
current, needle, 123 

Hand lilaiit, 308 
Saturation, magnetic, 13 



a aualin^ 425 
^oTebusiBKnteOBtWi 
ot, 4tt 
Gnpneity and oB^nrt oC at 
ead6M7 of; 434 
variation of onteotwitli 

in, 434 
eflbet of metbod ofdaiging OB oirtpnt 

and eAdmey oC 435 
treatment and aJluenta oC 435 
boekltng of plates in, 436 
purity of add for, 437 
noncorrodible conneetin^ bolt §ot, 

437 
naesoi;438 
Self'indnction. IM 
coefBcient of, 196 
pncticalnnitof; 197 
ealcnlation of, 198 
Sepantor for aeoonlary ceils, cUocUe 

board, 424 
Series ami parallel circuits 88 
Shunts, theory, ordinary, and uui\-ersal 

fonuM of. 97 
Silencing arc lamps, 354 
Solenoiil, magnetic field and polarity of a, 
126 
magnetising force of a, 130 
Spark coil, Ruhmkorff induction or, 187 
Specitic magnetic resistance, 14 

inductive cai>acity, 25, 29, 168 

electrical resistance, 69 

electrical resistance, tables of, 77, 79 

conductance, 81 

resistance of insulating materials, table 

of, 107 
dielertric hy-teresis, 171 
gravity with E.M.F., variation ot 

428 
resistance with density of li^SO^, 
variation ot, 428 
Spherical cnndle-power of arc lamp, 382 
Spray-arresters for secondary cells, 436 
Sprengel air-pump, 323 
Standanl cell, the Clark, 402 

the Weston cadmium, 404 
Static hysteresis. 151 
Stewart arc lamps, 356 

high-economy arc lamp, 859 
twin arc lamp, 357 
Strength of magnets, 10 
Striking the electric arc, 347 
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Sulphuric acul for secondary eell>«. jjurity i 

on 437 
variation of specific resistance with 

density of, 428 
Surface ilensity, 25 
Sus|)en»ion<), pivot anil fiVire, 216 | 

Teniperatun- ooufficicnt of resistance, 72 

of compound circuits, 74 

table of, 77, 79 

of an electric arc, 347 

and output of cells, relation Ijctweeli. 
434 I 

Thermal E.M.F.. tlic i)R>luctiou of, 385 
Tlienno-couple, 385 

neutml ptjint of .i, 386, 389 
'L'hernio-electrii- diagram, 389 
Thermo-E.M.F.'s, laws of, 386 

table f»f. 388 
Themio-pile, 390 

j^euenitorh, elticieiiuy of, 391 
'ilierniometer. electrical, 272 

electrical -re.sistan«;e (Siemens Bros.\ 
274 

imlicator, Whipple, 277 
Tliomson effect, the, 387 
Tractive force of magnets, 12 
Transient or induced currents, mea.^ure- 
nunt of, 167 ^ 

or induced currents, quantity of eU-c- 
tricity in, 191 
Tudor secomlary cells 418 
Twin arc lamp, Davy, 355 

Stewart, 357 



Tnit magnetic jMile, 17 
«>f electricity, 25 
of current, jtractical, 38 
of ipiantity, priu:tical, 39 
of re^isfini-e, practi«Mil, 13, 4.'! 
of resistance, the li.A,, 44 
of conductance, jjractical, 4*i 



Unit of potential difference, practical, 49 

of work, practical, 53 

of he.it, 54 

of power, practical, 57 

of electrical energj", practical, 58 . ' 

of caiiacity, 172 

of stdf- induction, practical, 197 
Units, the al.»solute C.(r.S. system of, 69 

table of electrical, 62 
Universjd shunts, 99 

' V • dry cell, the output of a, 399 
Vacuum-gau}j;e (M'Leoil), 329 

measurement of degree of, 329 
Valency, 41, 406 

Vapour lamps — (Bastiau and Cooper- 
Hewitt), 337 
Velocity, unit of. 60 
Viscous hysteresis, 151 
Vitrite. 305 
Volt, the, 49 
Voltaic arc, 345 

cell, simple, 393 
Voltameters, silver, cupjier, ami mixed gas, 

37 
Voltmeters, sott-iron needle, 227 

vulcan, solt-in)u neeille, 228 

C'rompton moving - coil ])ermanent- 
magnet, 229 

hot -wiiv. 232 

electro-static (Avrton-Mather form), 
237 

Wattless current, 269 

Wattmeter, Ilartmamn and Braun, 241 

Weight, detinition of, 51 

of a given wire to till a given coil, 161 
Weston standard cadmium cell, 404 
Wlicatstone bri«lge, the, 90 

the nn*tre form of, 92 

the I'ost OJhce pattern, 93 
Wiiuling of electric magnet coils, 158 
Work, detinition of, 53, 60 
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Tliii vertical projecting lui? on each plate is for burning on to \m\ 
cross-bur., ami the construction .>f a complete cell will be umleJtUK.i 

from a reference to Fig. 25fi, shoving 

I two of this type erected on a shelf or 
^^__^^^^^^_ stand. 

Tho glass containing-box of tbe tell 
rests on four insulators, and carries 
inside, at the l)Ott«m, a wooden friira« 
well soaked in paraffin wax. 

On this frame rest the -" and 
^•^ plates jwaembled alternately, tb«J 
alternate series, all of one kind, being 
burnt on to its ri^spective cross-bar ;« 
shown. The plates are kept at aboiiL 
i in. to i in. apart by sei^nators of 
glass or 'ebonite, and are 1»raeed to- 
gether by wooden or e!)onitc tie-l.-irs 
held bv the doulde-ended metal X frames. 

1,,-this and .11 oll,c.- ty,es of «eco,Hl...y e.U lh«re u one mo . 
^ .' than . " pkte, so that a - " ,late terminates the ,«r.^ at ^t 
«„d. and eac-h • - ph.t. is actc-d up-n .m hoU. ..d«... ^vh.ch u 




rid o(aii|'lLt*'. 




¥m. aw.-Twu D.P. CuIU compI«l* (Stni' Tyi*)- 



:0ll8 



Object sought for. The ceUs shown in Fig. 25G are ^j;^ '^^J;;"; 
(5 + - and G - -), so that the + « section is equivalent to one g 
plate five times the size of any one plate in the cell. 



